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ABSTRACT 
Feed efficiency is an economically important trait in the swine industry since feed 
accounts more than 50% of total production costs. A measure of feed efficiency, residual 
feed intake (RFI), is defined as the difference between observed and expected feed intake 
based on production and maintenance requirements. Since 2001 at Iowa State University 
(ISU), divergent selection for improved (Low RFI) and reduced feed efficiency (High 
RFI) has been conducted in Yorkshire pigs for ten generations. Using these selection 
lines, the over-arching objective of this dissertation was to further our knowledge of the 
biological and genetic basis of RFI in pigs. The main objectives were to investigate 
genotype-by diet interactions, identify genomic regions associated with RFI and 
component traits, validate insulin like growth factor I (IGF-I) as an early genetic 
indicator of grow-finish RFI, and to evaluate correlated responses to selection for grow-
finish RFI on feed efficiency and performance of nursery pigs.  
To quantify genotype by diet interactions for RFI, in generation (G) 8 through 
G10 of the high and low RFI lines, a lower-energy, higher-fiber (LEHF) diet was fed to a 
subset of pigs and compared to the performance of pigs fed a standard corn and soybean-
meal based diet, similar to the diet fed during selection, which was higher in energy and 
lower in fiber (HELF). These diets differed in metabolizable energy (3.32 vs. 2.87 
Mcal/kg for the HELF vs. LEHF diet) and neutral detergent fiber (9.4 vs. 25.9% NDF). 
When pigs were fed the HELF, the Low RFI pigs had lower average daily feed intake (-
12%), energy intake (-12%), average daily gain (-6%), and backfat depth (-12%) than 
High RFI pigs (P < 0.05). Regardless of RFI line, performance was reduced when pigs 
were fed the LEHF compared to the HELF diet. For the LEHF diet compared to the 
xvii 
HELF diet, differences between the RFI lines were smaller for average daily feed intake 
(-11%), energy intake (-10%), gain to feed ratio (+2%), and RFI (-6%) (P < 0.05). Feed 
digestibility was reduced when pigs were fed the LEHF diet, with the Low RFI pigs 
digesting significantly (P ≤ 0.04) more dry matter (+7%), gross energy (+7%), nitrogen 
(+10%) and NDF (+32%) than High RFI pigs when fed the LEHF diet. However, no line 
differences in digestibility were observed when the HELF diet was fed. Estimates of 
genetic correlations of performance traits across diets were high and positive for RFI and 
component traits, with a 0.87 ± 0.28 genetic correlation for RFI across diets. The 
observed correlated response to selection in RFI when feeding the LEHF diet was 55% 
less than predicted based on the genetic correlation for RFI between diets. Genotype-by-
diet interactions were further investigated by estimating single nucleotide polymorphism 
(SNP) by diet interactions, but these were found to account for less than 0.7% of the 
genetic variance in any given non-overlapping 1-Megabase window for RFI and 
component traits. By comparing the top genomic regions associated with RFI for the 
HELF and LEHF diets separately, we observed that the top associations were located on 
Sus scrofa chromosome (SSC) 2 near IGF2 (insulin like growth factor II) when pigs were 
fed the HELF but on SSC 6 for the LEHF diet, which demonstrates that at least some 
genomic regions associated with these traits were different between diets. This agrees 
with the estimated genetic correlation between diets for RFI (0.87 ± 0.28) and provides 
more evidence of genotype-by-diet interactions for RFI. 
Genomic regions associated with RFI and component traits given the HELF, 
LEHF and both diets combined were identified using a genome-wide association study 
(GWAS). Two genomic regions were associated with multiple traits, indicating 
xviii 
pleiotropic effects, on SSC1 near MC4R (melanocortin-4 receptor) and on SSC2 near 
IGF2. Results showed that the genetic architecture of RFI was highly polygenic. 
Genomic regions were also identified by evaluating genomic regions under selection in 
the ISU and in an independent Large White population that was also divergently selected 
for RFI (INRA). Regions were identified on SSC 2 near CAST (calpastatin) and on SSC 
13 near GAPBA (GA binding protein transcription factor alpha subunit), which were 
different than associations found using GWAS. However, findings also suggested that the 
differences in RFI between the ISU and INRA Low and High RFI lines may be the result 
of selection affecting different genes and biological pathways, as few common regions 
were identified to be under selective pressure in the two populations. 
Using IGF-I data collected in G2 through G5, and in G10 and G11, IGF-I was 
found to have a positive genetic correlation with grow-finish RFI (0.54 ± 0.19 for G2-G5 
and 0.51 ± 0.48 for G10-G11), indicating IGF-I is a good early biological marker for 
grow-finish RFI. In nursery-aged pigs in G10, the Low RFI line was found to eat less (-
20%), grow slower (-10%) and have greater feed efficiency (+12% measured as gain to 
feed ratio) compared to the High RFI line, showing that selection for grow-finish RFI 
also improved nursery feed efficiency in the Low RFI line. 
In conclusion, RFI is a biologically and genetically complex trait with no genes 
with major effects and many genes contributing small effects. Nutritional value of the 
diet fed during selection impacts feed efficiency and its genetic architecture. Therefore, 
genotype-by-diet interactions must be taken into consideration in selection programs, 
particularly those that desire to improve feed efficiency. Genomic selection would be a 
good strategy to improve feed efficiency because of the highly polygenic genetic 
xix 
architecture of RFI. In addition, juvenile IGF-I can be used as a genetic indicator for 
grow-finish RFI. Finally, correlated responses to selection for grow-finish RFI also led to 




CHAPTER 1.    GENERAL INTRODUCTION 
Introduction 
Since 2001 at Iowa State University (ISU), divergent selection for improved and 
reduced feed efficiency (FE) in purebred Yorkshire swine has occurred over ten 
generations. An economically important measure of FE, termed residual feed intake 
(RFI), was utilized as the selection criterion. RFI is the difference between actual feed 
intake (FI) and predicted FI, given expected production and maintenance requirements, 
as first presented by (Koch et al. (1963). In other words, RFI is the residual of average 
daily FI after adjusting for growth and maintenance, resulting in an estimate of feed 
efficiency that is phenotypically independent of production (such as growth rate) and 
maintenance requirements. In pigs, Cai et al. (2008) reported that growth rate and backfat 
depth accounted for 66% of the variation in average daily FI. The remaining (i.e. 
residual) variation in ADFI is represents RFI, where more feed efficient animals eat less 
than expected per unit of production (referred to as Low RFI) and vice versa. 
Previously published results from the ISU experimental selection lines found that 
pigs selected for improved FE (Low RFI) have lower average daily FI (-165 g/d) , growth 
rate (-33 g/d), backfat depth, physical activity, and higher eating rates and lean growth 
(Cai et al., 2008; Young et al., 2011) compared to a less FE (High RFI) line of pigs. 
Selection for lower RFI has also been reported to have limited negative impacts on meat 
quality (Cai et al., 2008; Smith et al., 2011), response to fear-eliciting stimuli and welfare 
(Colpoys et al., 2014; Colpoys et al., 2015), reproduction (Young et al., 2016), and 
immune response (Mpetile et al., 2015), including response to porcine reproductive and 
respiratory virus (Dunkelberger et al., 2015). Additionally, various metabolic 
2 
mechanisms have been found to contribute to the increased efficiency of the Low RFI 
line within the ISU selection project, including decreased degradation of protein (Cruzen 
et al., 2013), less reactive oxygen species production by mitochondrion in muscle and 
liver tissues (Grubbs et al., 2013), and increased energy and nutrient digestibility (Harris 
et al., 2012). 
In the U.S. swine industry, costs associated with feed account for over half of 
total production costs (Giamalva, 2014). In 2012, upwards of 60% of total production 
costs were attributed to feed for farrow-to-finish producers and over 50% for feeder-to-
finish operations (Giamalva, 2014). Feed costs are amplified in years in which corn and 
soybean prices are high, which has been the general trend in the past decade (2005-2015) 
and, thus, the cost of swine production increased. High feed prices result in greater 
interest in improving feed efficiency and other approaches to reduce feed costs in swine 
production. A common production approach to mitigate feed costs has been to substitute 
corn and soybean-based feed ingredients with less costly distiller’s dried grains with 
solubles (commonly known as DDGS) or other feed co-products (wheat middlings, corn 
bran, soybean hulls). Greater inclusion rates of alternative feed stuffs, which are often 
lower in energy and higher in fiber content, may, however, reduce performance. For 
example, diets lower in energy were associated with leaner but less feed efficient pigs 
(Apple et al., 2004; Beaulieu et al., 2009), and high-fiber diets reduced growth, feed 
efficiency measures as gain to feed ratio, backfat and loin muscle area (Varel et al., 1984; 
Pond et al., 1988). 
To test the impact of nutritional value provided by a diet on lines of pigs 
divergently selected for increased and decreased RFI, a sub-set of pigs from the High and 
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Low RFI lines from generations 8 through 10 were fed either 1) a corn and soybean-meal 
based diet, similar to that fed during selection, that was higher in energy, and lower-in 
fiber content (HELF) or 2) a lower-energy, higher-fiber diet (LEHF) diet that replaced 
~45% of corn and soybean-meal for co-products (wheat middlings, soybean hulls, corn 
bran). With the primary goal of this study was to evaluate if Low RFI pigs were still more 
feed efficient than High RFI pigs when the LEHF diet was fed compared to the diet fed 
during selection (HELF). In other words, a primary goal was to investigate genotype (i.e. 
RFI line) by diet interactions. 
Therefore, the first objective of this dissertation was to determine if there were 
genotype-by-diet interactions for RFI and other economically important traits. This was 
addressed first by investigating RFI line-by-diet interaction with the specific aims of 
assessing the effect of diet on  1) production performance, 2) feed digestibility, 3) genetic 
parameter estimates, including heritability and genetic correlations between the HELF 
and LEHF diets, and 4) responses to selection. Genotype-by-diet interactions were 
investigated further by testing SNP-by-diet interactions for genomic markers spread 
across the genome in order to identify genomic regions assoicated with RFI and 
component traits that differ for the LEHF and HELF diets. 
In addition to testing for SNP-by-genotype interactions, another aim of this 
disseration was to identify genomic regions associated with RFI and component traits. 
This was first addressed by performing a genome wide assocition study (GWAS). This 
objective was also addressed by using genotypic information from the ISU RFI lines and 
from the only other selection experiment of its kind from the French National Institue for   
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Agricultural Research (INRA) to identify genomic regions under selection in both 
populations. 
Another objective of this disseration was to assess the impact of selection during 
the growing-finishing phase on younger pigs to further our understanding of the 
correlated responses to selection for grow-finish RFI, which have been shown in previous 
studies to be have limited negative impact on other ecnomically important traits. 
One limitation to the use of RFI or any measure of FE for genetic improvement in 
livestock production is the need to record individual FI, which, as one can imagine, is 
time consuming and costly to measure on a large number of animals for extended periods 
of time. For this reason, there is interest in investigating other ways of selecting for 
improved FE without the need of recording FI. Therefore, another objective of this 
disseration was to validate previous findings in pig populations that a circulating 
polypeptide (insulin like growth factor I, [IGF-I]) in the blood of young pigs (33 to 45 
days old) can be used as an early genetic indicator for grow-finish RFI, using the ISU 
RFI selection lines. 
 
Thesis Organization 
To address the aforementioned objectives, I (Emily D. Mauch) prepared four 
journal articles for publication in scientific journals, and these manuscripts are presented 
in this dissertation. A review of literature related to the research topics of this dissertation 
can be found in Chapter 2, followed by the evaluation of RFI line-by-diet interactions in 
Chapter 3. Then correlated responses to selection for grow-finish RFI on nursery pig 
performance and the use of juvenile IGF-I as an early indicator for grow-finish RFI were 
investigated in Chapter 4. In Chapter 5, genomic regions associated with RFI and 
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component traits, along with SNP-by-diet interactions and the accuracy of genomic 
prediction across diets are presented. Genomic regions under selective pressure in two 
independent populations of pigs divergently selected for RFI is presented in Chapter 6. 
Finally, a general discussion and conclusions of the research presented in this dissertation 
can be found in Chapter 7. 
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CHAPTER 2.    LITERATURE REVIEW 
The genetic basis of feed efficiency, measured as residual feed intake (RFI), is 
complex and multifaceted. To provide background on the research that will be presented 
in this thesis, the following literature reviews were conducted to investigate: 1) the 
history and current status of livestock production, 2) the swine industry in the world and 
the United States (U.S.), 3) the basic concepts of feed efficiency and RFI, 4) previous 
research conducted at Iowa State University (ISU) using lines of pigs divergently 
selected for RFI, 5) previous research conducted at the French National Institute of 
Agricultural Research (INRA) using lines of pigs divergently selected for RFI, 6) the 
genetic basis of RFI in pigs, and 7) the influence of high fiber and high energy diets on 
pig growth and performance. 
 
Livestock Production 
In a world with limited resources and an ever-growing population, trends in 
livestock production have changed extensively in the past 50 years and will likely 
continue to change rapidly in years to come. It is important to understand how some of 
the main influencers in the livestock industry drive research and provide the motivation 
for future research. 
Of the available land in the world that is ice-free, 30% is occupied by livestock 
production systems, and over 1.3 billion people in the world are employed, in some 
capacity, in livestock production systems (Thornton, 2010). The need for livestock 
production as a source of food, fiber, and other products is stable in developed countries 
and continues to grow in developing countries as incomes increase (Thornton, 2010). The 
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global average, although highly variable, is for 17% of total calorie consumption and 
33% of protein consumption to be provided by livestock production (Thornton, 2010). 
Together, this highlights a few reasons why livestock production is important in our 
world (i.e. to provide jobs and nutrients), but also highlights that livestock production is 
dependent on non-renewable resources (i.e. land and water). 
In a review by Thornton (2010), three main drivers of the increase in demand for 
livestock production were presented. First, increased population size increases the 
demand for livestock products. A benchmark has been set that the human population will 
reach over 9 billion by 2050 (Thornton, 2010). The population growth is expected to be 
driven by greater population sizes in developing countries. The big question surrounding 
this estimate has been: “how will we feed many more people with the same resources we 
have today?”. The second driver of increased demand for livestock products is the 
increase in urbanization. As of 2008, more people live in urban than rural areas 
(Thornton, 2010). In developed countries, close to 80% of the population lives in urban 
areas, while in developing countries, 30% or less of the population might be living in 
urban areas (Thornton, 2010). As the number of people living in urban areas increases, 
fewer and fewer people are directly involved in agriculture and livestock production. The 
third driver of increased demand for livestock products is income. As incomes increase, 
so does the demand for livestock products. From 1950 to 2000, a 2.1% increase in 
income was observed per year on a global level and this is expected to continue to 
increase in the future (Thornton, 2010). 
In response to increased demand for livestock products, livestock production has 
increased substantially since the 1960s (Thornton, 2010). These increases have been 
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achieved through greater numbers of animals, greater size of the animals, and greater 
production management and efficiency. In the global swine industry, the number of pigs 
increased from approximately 400 million in 1960 to over 900 million by 2010, and in 
the same time frame, carcass weights increased by approximately 20%, from 
approximately 65 kg to just shy of 80 kg (Thornton, 2010). 
A key limitation of agriculture expansion is the availability of land. Since the 
1960s, pastures and arable land saw major expansions, but this is now starting to slow 
(Thornton, 2010). There has also been an increase in the intensity of land-use, especially 
in crop production. In the livestock sector, confined livestock production systems have 
allowed for increased production with less land use, and these systems currently provide 
most of the world’s poultry and pork production (Thornton, 2010).In developing 
countries, increases in livestock production are predicted to come primarily from greater 
livestock numbers (Thornton, 2010). However, the number of pigs in the world is 
actually predicted to decrease from 2010 to 2050, but production in developed countries 
is expected to stay stable (Thornton, 2010). Thus, in developed countries, like the U.S., 
increases in production will need to come from other sources, such as increased 
efficiency of production. 
There are many ways in which livestock systems can improve in terms of 
efficiency. Many improvements in management and technology have been made over the 
last 50 years, such as the transition from primarily raising hogs outdoors to completely 
weather-controlled barns. Other improvements in efficiency have been made through 
improvements in nutritional value provided by feeding programs, superior genetics 
through breeding systems and selection, and animal health. It is through further 
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improvements in feeding programs, genetics, and animal health that continued 




Pork is the most consumed meat in the world, with 107.5 million metric tons 
(carcass weight) of pork produced globally in 2013, with a total of 1.3 billion head of 
hogs in the world in 2013 (Giamalva, 2014). Global pork production is projected to reach 
113 million tons in 2018 (Foreign Agriculture Services, 2017). China is the largest pork 
consumer and producer, accounting for nearly half of both (Giamalva, 2014). In 2017, 
pork production in China reached 53.5 million metric tons (carcass weight) out of 111 
million metric tons (carcass weight) produced globally (Foreign Agriculture Services, 
2017). The second and third largest pork producing entities are the European Union and 
the United States (Giamalva, 2014). In 2017, the European Union produced 21% of 
global pork, followed by the U.S. with 11% (Foreign Agriculture Services, 2017). 
United States of America 
In 2017, the U.S. produced 129 million head of pigs, accounting for 10% of pigs 
globally, and 11.7 million metric tons (carcass weight) of pork (Foreign Agriculture 
Services, 2017). This production is predicted to increase by 4% in 2018 (Foreign 
Agriculture Services, 2017). Within the U.S., Iowa (31.4%), North Carolina (13.0%), 
Minnesota (12.0%), Illinois (6.9%), and Indiana (5.5%) are the top 5 swine production 
states (USDA, 2015). In the U.S. swine industry, the most common breeding system, a 
static terminal breeding system, consists of mating a Duroc sire to an F1 Landrace by 
Yorkshire female to produce commercial pigs. 
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Feed Efficiency 
Feed efficiency, the efficient utilization of feed for production and maintenance 
requirements, remains an economically important trait in the livestock industry. In most 
livestock industries, feed represents a major portion, 50% or more, of the total cost of 
production (Giamalva, 2014). In addition, the livestock industry currently faces some 
major challenges. For instance, the human population is expected to increase to over 9 
billion by 2050 and the available land for livestock production is fixed with limited room 
for expansion (Thornton, 2010). Other challenges include climate change, and 
competition for feed resources for other uses, such as bio-fuel production. Collectively, 
these environmental, economic and sustainability issues highlight the need and 
importance of efficient livestock production, for which improved feed efficiency is 
essential. 
In livestock production, feed efficiency has commonly been measured as the ratio 
of inputs to outputs, where inputs are measured in amount of feed required for a one unit 
of production (i.e. eggs, milk, beef, pork or chicken). Using this approach, two common 
traits for measuring feed efficiency are feed conversion ratio (FCR = unit of feed per unit 
of production) and gain to feed ratio (G:F = unit of gain per unit of feed). Both of these 
measures of feed efficiency pose complications for selection. For ratio traits, there can be 
an uneven selective pressure on each of the component traits in the ratio, resulting in 
more improvement in one trait over the other (Gunsett, 1984). Koch et al. (1963) first 
proposed another measure of feed efficiency based on the difference in the observed feed 
intake from the expected feed intake based on production and maintenance requirements. 
In other words, Koch et al. (1963) suggested that feed intake could be split into two 
components: 1) feed intake expected for a certain level of production and 2) the residual. 
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It is the second portion that is an alternative measure of feed efficiency that was later 
termed residual feed intake (RFI) or net feed intake. In pigs, the first portion accounts for 
nearly 66% of the variation in feed intake, and RFI accounts for the remaining 34% (Cai 
et al., 2008). Lower values of RFI (i.e. “Low RFI”) correspond to greater feed efficiency 
because less feed is consumed per unit of production and maintenance than expected, 
while the opposite is true for “High RFI” (Figure 2.1). Residual feed intake overcomes 
the previously mentioned issues with ratio traits and also provides a measure of feed 
efficiency that is phenotypically independent of production and maintenance 
requirements. This is advantageous because decreases in production are usually not 
desirable. Instead, it is more desirable to improve feed efficiency while holding 
production constant or improving production. With this in mind, it is important that the 
biological mechanisms involved in feed efficiency and how they relate to other 
economically important production traits be understood. 
Feed efficiency is a biologically complex trait, meaning that many biological 
processes influence the efficient use of feed in livestock production. Herd and Arthur 
(2009) identified 5 major physiological processes that contribute to variation in RFI: 
intake of feed, digestion of feed, metabolism including variation in body composition, 
physical activity, and thermoregulation. Based on experiments for beef cattle selected for 
increased and decreased RFI, Richardson and Herd (2004) estimated the proportion of 
variation in RFI corresponding to each of these major biological processes (2% feeding 
patterns; 10% feed digestibility; 27% protein turnover, tissue metabolism and stress; 5% 
body composition; 10% physical activity; 9 % heat increment of fermentation; and 27% 
other). 
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Feed efficiency can be improved through improved management strategies such 
as restricting feed intake, decreasing feed wastage from feeders, increasing the energy 
provided in the feed, pelleting diets, maintaining thermo-neutral barn temperatures, and 
also through genetic improvement (Patience et al., 2015). For genetic improvement to be 
successful, a trait must be heritable with a genetic component that can be passed from 
parents to progeny. Residual feed intake has been estimated to be moderately heritable, 
0.13-0.45, in growing pigs (Nguyen et al., 2004), thus indicating genetic selection is a 
viable way to improve feed efficiency in pigs. Low to moderate heritability estimates for 
RFI have been reported for many livestock species including beef cattle (Crews, 2005), 
dairy cattle (Hardie et al., 2017), poultry (Willems et al., 2013), and sheep (Cammack et 
al., 2005). 
 
Iowa State University Residual Feed Intake Selection Experiment 
Since 2001, divergent selection for feed efficiency has been carried out at ISU in 
purebred Yorkshire pigs. Single-trait selection was conducted based on estimated 
breeding values (EBVs) for increased and decreased RFI. In the initial generation (G), 
littermates were randomly allocated to a line (Control or Low RFI). From G0 to G4, 
selection was conducted only for improved feed efficiency or Low RFI due to limited 
feeder space. In G5 selection began for decreased feed efficiency (High RFI) in the line 
that was maintained as a randomly mated control line up to that point. Within each RFI 
line (Low vs. High RFI) and the first parity of each generation, 12 boars were selected 
from 90 selection candidates with RFI records, while 70 gilts from ~250 female 
candidates were selected based on EBVs estimated from family information to produce 
~50 litters for the next generation. In the Control line (G0 to G4), 10 boars and 40 gilts 
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were randomly selected and randomly mated to produce ~30 litters for the next 
generation. To limit the rate of inbreeding, full- and half-sibling matings were avoided, 
along with avoiding selection of full-sibling boars. In the first parity of each generation, 
~90 boars (~2 boars per litter) per RFI line were selected to have feed intake and other 
grow-finish phenotypes recorded. Second parity litters were produced each generation by 
repeating matings from parity 1 to collect additional phenotypic records on ~90 gilts per 
line. Selection continued in this manner for 10 generations. In G10 parity 3, random 
selection and mating of boars and gilts within each line was conducted to produce G11 
because this generation was only utilized for additional data and no feed intake data was 
recorded. 
Grow-Finish Phenotype Recording. Phenotypic data was recorded for six traits 
within each generation-parity to assess direct response to selection for divergent RFI, 
along with correlated responses in other economically important traits. The six 
phenotypic traits recorded during the grow-finish phase [~40 to 115 kg or greater body 
weight (BW)] on individual pigs were 1) average daily gain (ADG, kg/d), 2) average 
daily feed intake (ADFI, kg/d), 3) gain to feed ratio (G:F = ADG/ADFI, kg gain/kg feed) 
or feed conversion ratio (FCR = ADFI/ADG, kg feed/kg gain), 4) ultrasonic off-test loin 
muscle area (LMA, cm2), 5) ultrasonic off-test backfat depth (BF, mm), and 6) RFI 
(kg/d), calculated from regressing ADFI on ADG, BF, and metabolic body weight 
(MBW = BW0.75). In a single barn, pigs were housed in 12 pens that were each equipped 
with a single-space feeder, two nipple-type waterers, and measured 5.6 × 2.3 m (0.82 
m2/pig). Fourteen to sixteen pigs were housed per pen by BW and age. Pens were 
balanced for RFI line and sex (as needed), and littermates were evenly split across pens. 
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Pigs were given ad libitum access to feed and water, which was corn and soybean-meal 
based and fed in three phases (40 to 60, 60 to 90, and 90 to 115 kg BW or greater) that 
met or exceeded NRC (1998) requirements. Individual feed intake was recorded with the 
use of single-space electronic feeders (FIRE©, Osborne Industries Inc., Obsorne, KS), 
which were originally in 6 pens (G0 to G4) and then in all pens (G5 to G10). Individual 
BW was recorded at least every two weeks and each week during the early generations. 
Pigs were off-tested in two to three groups per generation-parity when individual pigs 
reached 115 kg BW (in early generations), 118 kg BW or greater (in later generations), or 
when three or less pigs remained in pen. At off-test, two 10th-rib ultrasonic images were 
captured with an Aloka 500V SSD ultrasound machine fitted with a 3.5 MHz, 12.5 cm, 
linear-array transducer (Corometrics Medical Systems Inc., Wallingford, CT) with the 
average measurement used to quantify LMA and BF. Feed intake records were edited 
based on procedures developed by Casey et al. (2005). Average daily feed intake was 
calculated as the average of all feed intake records. Residual feed intake was calculated 
as the residual of ADFI regressed on ADG within generation, BF, MBW, on and off-test 
BW, and on-test age. 
Grow-Finish Growth and Body Composition. By G4 parity 2, compared to the 
randomly mated Control line, Low RFI line gilts had 0.096 kg/d lower RFI (P = 0.002), 
0.165 kg/d lower ADFI (P < 0.0001), 0.033 kg/d lower ADG (P = 0.022), 1.36% greater 
G:F (P = 0.09), 1.99 mm lower BF (P = 0.013), and 0.35 cm2 greater LMA (P = 0.7) (Cai 
et al., 2008). In G5, the Low RFI line pigs had 0.094 kg/d lower RFI (P < 0.0001), 0.177 
kg/d lower ADFI (P < 0.0001), 0.041 kg/d lower ADG (P < 0.0001), 0.067 lower FCR (P 
< 0.0001), 2.23 mm less BF (P < 0.0001), and 1.63 cm2 greater LMA (P < 0.0001) than 
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the Control line (Bunter et al., 2010). Cai et al.  (2011) investigated daily feed intake 
(DFI) and BW curves of Low and Control pigs from G5 across the grow-finish period, 
and found that the Low RFI pigs grew and ate less than Control line pigs, but that most of 
the differences come from late in the growth period. Additionally, Cai et al. (2011a) 
observed that line differences (Control minus Low RFI) for BW and DFI were different 
for boars and gilts from G5 at 195 d of age, with BW and DFI being 3.49 kg and 0.20 
kg/d lower for Low RFI compared to control line boars and 8.96 kg and 0.24 kg/d lower 
for Low RFI compared to control line gilts. 
In addition to a substantial response to selection for RFI, correlated responses to 
selection for other economically important traits occurred. Phenotypic and genetic 
correlations were estimated by Cai et al. (2008) and Bunter et al. (2010), which indicated 
within this population of pigs, RFI was positively correlated with ADG, ADFI, and FCR, 
but negatively correlated with G:F and LMA. The phenotypic and genetic correlations of 
RFI with BF were reported to be low to moderately negative by Cai et al. (2008) but 
lowly positive by Bunter et al. (2010). However, as expected based on the definition of 
RFI, phenotypic and genetic correlations of RFI with ADG and BF were not significantly 
different from zero. In general, the estimated genetic and phenotypic correlations of RFI 
with other performance traits were favorable, with the exception of the positive 
correlation between RFI and ADG. 
Based on the observed correlated responses to selection, it was of interest to 
understand how body composition and maintenance requirements differed between Low 
RFI and Control line pigs. In the earliest part of the grow-finish phase, G5 pigs were fed 
at four levels: ab libitum and restricted feeding at 75% or 55% of maintenance 
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requirements, and constant body weight (i.e. weight stasis) (Boddicker et al., 2011a; 
Boddicker et al., 2011b). Boddicker et al. (2011a) found that Low RFI barrows ate 10% 
less when fed ad libitum (P < 0.09) and 7.6% less when fed to maintain a constant BW 
(i.e. “BW stasis”, P = 0.21) than Control line barrows. No significant differences in BW 
were observed between Low RFI and Control ad libitum fed barrows, but Low RFI 
barrows had lower carcass energy (P < 0.03) due to slightly lower carcass fat and BF 
(Boddicker et al., 2011a). Over the whole test period, Low RFI barrows had less BF (P = 
0.03), lighter visceral weight (P < 0.02), greater dressing percentage (P < 0.03), and a 
tendency towards lower maintenance requirements (P < 0.13) (Boddicker et al., 2011a). 
Across the 6 week test period, the Low RFI pigs fed ad libitum consumed less feed in 
weeks 5 and 6 (P < 0.03) than Control pigs, with no differences in BW between the lines 
(Boddicker et al., 2011b). When restricted to 75% of maintenance requirements, the Low 
RFI and Control pigs ate the same by study design but the Low RFI pigs weighed 
significantly more by the 5th and 6th weeks of the test period (P < 0.02) (Boddicker et al., 
2011b). No differences between lines in BW were observed for 55% restricted feeding or 
weight stasis treatments, but the Low RFI pigs ate 4% less (numerically) during the test 
period to maintain their body weight compared to Control pigs (P > 0.35) (Boddicker et 
al., 2011b). Ad libitum fed Low RFI pigs had lower carcass fat (P < 0.05) and greater 
carcass dressing percentage (P < 0.05) than High RFI pigs (Boddicker et al., 2011b). 
These findings suggest that selection for reduced RFI resulted in pigs that consumed less 
feed, while maintaining similar growth rates, and produced carcasses with less fat during 
the early grow-finish phase (Boddicker et al., 2011b). 
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These studies taken together show that selection for lower RFI (i.e. increased feed 
efficiency) resulted in pigs that eat less, grow slightly slower, have less BF, and greater 
LMA, along with lower maintenance requirements and increased dressing percentages 
compared to their Control line counterparts. Collectively, these results indicate that 
selection for improved feed efficiency, measured as RFI, resulted in favorable 
performance, along with favorable body composition changes for producers, as long as 
the reduction in growth rate is minimal. 
Reproduction. In addition to correlated responses to selection for RFI on other 
economically important traits for grow-finish pigs, it was also important to explore 
correlated responses in reproductive sows from the Low and High RFI lines. In general, 
no negative correlated responses to selection in reproductive traits were observed within 
the ISU RFI lines (Young et al., 2016). In fact, Young et al. (2016) observed that after 7 
generations of selection, the Low RFI sows had 1.3 more pigs born alive (P = 0.04), 0.4 
fewer mummies (P < 0.01), farrowed 1 more piglet per litter (P = 0.11), and weaned 
more pigs per sow (P < 0.01) compared to High RFI sows. Low RFI sows also consumed 
less feed (25 kg, P < 0.001) and had lower RFI (-20.4 kg, P < 0.0001) during lactation 
(Young et al., 2016). However, Low RFI sows also lost more BW (9.8 kg, P < 0.001), 
had less fat mass (7.0 kg, P < 0.001) and BF (3.1 mm, P < 0.001) at weaning, and had a 
greater negative energy balance (-11 MJ ME/d, P < 0.001) during lactation than High RFI 
sows (Young et al., 2016). Thus, selection for RFI during the grow-finish phase resulted 
in improved piglet performance and sow lactation efficiency, while unfavorably 
impacting sow negative energy balance and body condition during lactation. Utilizing the 
same sow reproductive data, Thekkoot et al. (2016) associated reproductive phenotypes 
18 
with genome wide genetic markers and found that genomic regions associated with 
reproductive traits in the first parity were not the same regions as those that were 
associated with sow reproductive traits in the second parity. Regions associated with sow 
reproduction that explained more than 1.5% of the genetic variation were observed on 
Sus scrofa chromosomes (SSC) 2, 3, 6, 7, 8, 11, 14, 15, 17, and 18. In addition, a region 
on SSC 2 at 81 Mb was associated with sow RFI, although it explained only a small 
portion of the genetic variation (Thekkoot et al., 2016). 
Feed Digestion. As proposed by Herd and Arthur (2009), the ability to digest feed 
more efficiently may account for a significant proportion of differences observed in RFI 
in cattle. Gilts from G7 (n = 12 gilts per RFI line) were housed in individual metabolism 
crates to determine if differences in feed digestibility play a role in the differences in RFI 
observed between the ISU RFI lines (Harris et al., 2012). Gilts were fed a standard corn 
and soybean-meal based diet (17.21% crude protein and 4.15 kcal/kg gross energy) that 
was similar to the diet fed during selection for RFI. Findings showed that Low RFI gilts 
were able to digest a greater proportion of dry matter (1.4%, P < 0.001), nitrogen (2.2%, 
P = 0.03), and gross energy (1.5%, P < 0.001) than High RFI gilts (Harris et al., 2012). 
Low RFI gilts also were able to better utilize feed energy, 0.27 and 0.26 Megajoules more 
digestible and metabolizable energy utilized per kilogram of dry matter (P < 0.001), and 
had higher nitrogen retention (4.79 g/d, P = 0.08) than High RFI gilts (Harris et al., 
2012). Collectively, these results suggest that the Low RFI line gilts were better able to 
utilize the nutrients and energy provided in the feed than High RFI gilts, contributing to 
the differences observed in RFI between the lines. 
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Meat Quality. Since pork is the primary end product in swine production, it is 
important to understand the impact of selection for RFI on meat quality. To begin to 
address this question, Cai et al. (2008) used gilts from G4, parity 2, to compare the Low 
and High RFI lines for carcass traits (carcass length, carcass weight, 10th rib BF, last-rib 
BF, last lumbar BF, LMA, loin color, loin firmness, loin marbling, loin pH, loin Minolta 
Y, and Hunter L), but did not observe many significant differences between RFI lines (P 
> 0.10). Only 10th rib BF was significantly different between the RFI lines (P < 0.05), 
with the Low RFI line having 2.62 mm less BF than the High RFI line pigs. In general, 
less BF is favorable in most breeding scenarios, but decreasing BF levels too far is 
unfavorable. In addition, fresh pork quality and composition were assessed in G5 pigs by 
Smith et al. (2011) and findings showed that Low RFI gilts had less BF (P = 0.09), 
greater loin depth (P < 0.05), greater fat free lean (P < 0.05), and less intramuscular fat (P 
< 0.01) in loin chops compared to Control line gilts. Differences in pH or water-holding 
capacity between the Low and Control lines were not significant (Smith et al., 2011). In 
addition, longissimus muscle from Low RFI barrows had greater calpastatin activity (P < 
0.01), which inhibits the calpain system and leads to reduced protein degradation (Smith 
et al., 2011). Further investigation of meat quality was conducted in G8 and G9 by 
Arkfeld et al. (2015), where pigs of the RFI lines were fed either a lower-energy, higher-
fiber diet, or a higher-energy, lower-fiber diet (similar to the diet fed during selection). 
Findings showed that Low RFI carcasses had less fat depth (P < 0.01) and were more 
lean (P < 0.01) than High RFI carcasses (Arkfeld et al., 2015). Loin chops from Low RFI 
pigs also had less drip loss, lower color scores, lower percent lipid of chops, less lean 
tissue (measured as a*), greater percentage moisture, and were juicer (P < 0.05) than 
20 
chops from High RFI pigs (Arkfeld et al., 2015). Low RFI pigs had lower protein 
degradation (measured by desmin) at 5 d postmortem than High RFI pigs (P = 0.05). In 
addition, pigs fed the lower-energy, higher-fiber diet had lighter hot carcass weights (P < 
0.01) and great percent lean (P < 0.01), as well as less muscle (measured by L*) and 
greater percent moisture than loin chops from pigs fed the higher-energy, lower-fiber diet 
(Arkfeld et al., 2015). Pigs fed the lower-energy, higher-fiber diet had greater iodine 
values in adipose tissue (P < 0.01) than pigs fed the higher-energy, lower-fiber diet 
(Arkfeld et al., 2015). Low RFI pigs fed the lower-energy, higher-fiber diet had greater 
protein degradation (P < 0.05) at 2 d postmortem than pigs of the same line fed the 
higher-energy, lower-fiber diet (Arkfeld et al., 2015). Few line by diet interactions were 
observed in this study for meat quality traits so main effects were primarily reported, but 
significant interactions (P < 0.1) were observed for loin depth, firmness score, and 
lightness scoring (b*), percent moisture, desmin degradation, and fatty acids (C 14:0, and 
C 20:2) Interestingly, trained sensory panels did not detect differences in eating quality 
between Low and High RFI pork chops, other than the Low RFI chops having greater 
juiciness (P < 0.05). They were not able to detect differences between the chops from 
pigs fed the lower-energy, higher-fiber versus the higher-energy, lower-fiber diet (P > 
0.05). Taken together, these results indicate that selection for improved feed efficiency 
(i.e. lower RFI) has resulted in leaner carcasses with reduced BF, but, in general, has had 
limited impact on meat quality traits. 
Behavior: Feed Intake, Activity, and Response to Stressors. Feeding behavior 
and physical activity were identified by Herd and Arthur (2009) as key biological 
processes that contribute to feed efficiency differences. In G4 and G5 of the ISU RFI 
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lines, several feed behavior traits were measured, including number of visits to the feeder 
per day and per hour; amount of time spent in the feeder per day, per visit and per hour;  
and the rate of feed intake, along with feed intake per visit, hour, and day (Young et al., 
2011). No differences were detected between Low RFI and Control line pigs for feed 
intake per visit or hour nor in number of visits to the feeder per day or hour (Young et al., 
2011). In general, the Low RFI pigs spent less time in the feeder per day, visit, and hour, 
along with having a greater feed intake rate compared to Control line pigs (Young et al., 
2011); although, these findings were not always significant (P < 0.05) across generation-
parities or across the first and second half of the grow-finish phase. 
In G5, behavior, activity, and lesion occurrence was assessed for the Low RFI and 
Control line gilts (Sadler et al., 2011) at 4 time points throughout the grow-finish test 
period (at on-test, 4 wk after on-test, 8 wk after on-test and 12 wk after on-test). At on-
test, no differences between Low RFI and control line gilts were observed for behavioral 
or activity related traits, but Low RFI gilts did have fewer lesions (P < 0.045) than 
Control gilts 24 hours after on-test following the initial mixing of new contemporary 
groups (Sadler et al., 2011). At later observation time points, no differences were 
observed between Low and Control line gilts for lesion scores (P > 0.05), but Low RFI 
gilts were observed to spend more time sitting (P = 0.05), less time standing (P = 0.03), 
and be less active overall (P = 0.03) than Control line gilts (Sadler et al., 2011). 
In G8 and G9, pigs from the Low and High RFI lines were subjected to two tests 
(human approach and novel object tests) to measure behavioral reactivity to novel, fear-
eliciting stimuli (Colpoys et al., 2014; Colpoys et al., 2015). In G8 and for both tests, 
barrows from the Low RFI line were observed to have fewer head movements (P ≤ 0.02), 
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defecate less frequently (P ≤ 0.03), freeze in place for shorter amounts of time (P = 0.05), 
freeze less frequently (P < 0.0001), cross fewer zones (test area was split into 4 zones 
based on distance from novel object, P < 0.0001), and took longer (48 to 52 seconds) to 
approach the novel object (P ≤ 0.04) compared to High RFI barrows (Colpoys et al., 
2014). During the human approach test, Low RFI barrows also tried to escape the area 
fewer times than High RFI barrows (P = 0.001). In G9, the Low RFI pigs changed their 
head orientation more frequently (P = 0.001), tried to escape the area fewer times (P = 
0.0002), and spent 2% less time attempting to escape (P = 0.04) during the novel object 
test than High RFI pigs (Colpoys et al., 2015). During both tests, Low RFI pigs spent less 
time touching the novel object or person (P ≤ 0.03) than High RFI pigs (Colpoys et al., 
2015). Collectively, the subtle differences between Low and High RFI line pigs did not 
impact animal welfare in terms of response to fear-eliciting stimuli and suggest that Low 
RFI pigs may be less reactive to new and fear-eliciting stimuli (Colpoys et al., 2015). 
Thus, selection for increased feed efficiency based on RFI resulted in pigs that eat 
faster, eat less often, are less physically active, and are less reactive to novel stimuli. 
Overall, selection for lower RFI was not observed to have a negative impact on animal 
welfare. 
Metabolic Processes. Herd and Arthur (2009) identified metabolism as a key 
physically process that contributes to feed efficiency differences based on RFI in beef 
cattle. They estimated that 37% of the variation observed in RFI in beef cattle was due to 
differences in protein turn over, tissue metabolism, and stress. In the ISU RFI 
experiment, several metabolic processes were investigated to assess the role they play in 
differences in RFI, including protein turnover rate (Cruzen et al., 2013), mitochondrial 
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protein profiles (Grubbs et al., 2013a; Grubbs et al., 2014), mitochondrial reactive 
oxygen species production (Grubbs et al., 2013b), and insulin-like growth factor I 
(Bunter et al., 2010). Results of these studies will be reviewed in the following. 
Protein turnover rate. The synthesis and degradation of proteins are energetically 
expensive processes that could play a key role in differences in feed efficiency in pigs. 
Therefore, in G7, gilts from Low and High RFI lines were used to assess muscle protein 
turnover (i.e. synthesis and degradation). To measure protein synthesis and degradation, 
the activities of calpain (a protein that degrades proteins), calpastatin (an inhibitor of 
calpain), the ratio of calpain:calpastatin, and proteasome (the 20S catalytic core subunit 
that degrades damaged proteins) activity were measured (Cruzen et al., 2013). Findings 
showed that muscle from Low RFI pigs tended to have less calpain activity (P ≤ 0.10), 
greater calpastatin activity (P < 0.05), a lower calpain:calpastatin ratio (P < 0.05), and 
less proteasome activity (P < 0.05) compared to muscle tissue from High RFI gilts 
(Cruzen et al., 2013). In G5, Smith et al. (2011) also observed that muscle from Low RFI 
pigs had greater calpastatin activity (P < 0.01) than muscle from Control line pigs. 
Protein synthesis was not significantly (P > 0.05) different between the RFI lines (Cruzen 
et al., 2013). Taken together, these findings showed that Low RFI pigs have less protein 
degradation than High RFI pigs, which could contribute to the greater feed efficiency of 
the Low RFI line because less energy is required for protein degradation in that line 
(Cruzen et al., 2013). 
Mitochondrial reactive oxygen species and protein profile. The mitochondria 
account for 90% of ATP production and thus alterations to the protein profile of the 
mitochondria may alter energy utilization and oxidative stress (Grubbs et al., 2013a). In 
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G7, the protein profiles of mitochondria from the liver and longissimus dorsi muscle of 
High and Low RFI pigs were assessed to investigate the role alterations to the protein 
profile of mitochondria may have on energy utiliation and feed effiency (Grubbs et al., 
2013a). In both longissimus dorsi and liver tissue of the Low RFI line, heat shock 
proteins 60 and 70 were found to be more abundant (P ≤ 0.10) than in the High RFI line, 
which suggests the Low RFI line may have greater anti-apoptotic pathyway function 
compared to the High RFI line (Grubbs et al., 2013a). The mitochondria from the 
longissimus dorsi of the Low RFI line pigs also had less endoplasmic reticulum oxidase-1 
α (P ≤ 0.10) compared to the High RFI line, which plays a role in responding to oxidative 
stress. Therefore, the High RFI pigs may have higher oxidative stress levels and, thus, 
more endoplasmic reticulum oxidase-1 α to cope with reactive oxgen species (Grubbs et 
al., 2013a). In liver tissue, the Low RFI line had a greater abundance of proteins involved 
in the TCA cycle compared to the High RFI line, suggesting a greater metabolic capacity 
for ATP production (Grubbs et al., 2013a). Collectively, the mitochondrial protein 
profiles indicated that Low RFI pigs may have less oxidative stress and a greater 
metabolic capacity compared to High RFI pigs, which suggests that Low RFI pigs may 
have more energy remaining for growth compared to High RFI pigs (Grubbs et al., 
2013a). 
In pigs from G8, mitochondria were isolated from longissimus muscle and liver 
tisssue to assess how protein profiles and post-translational modifications relate to feed 
efficiency (Grubbs et al., 2014). Mitochondria from the liver of Low RFI pigs had a 23% 
to greater than 50% abundance of heat shock proteins 60 and 70 (P < 0. 1) compared to 
High RFI pigs, respectively (Grubbs et al., 2014). Heat shock protein 70 has been 
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associated with regulation of protein folding, inihibition of apoptosis, and coincides with 
celluar stress, which suggests that Low RFI pigs may be more prepared to defend against 
cellular oxidative stress and apoptosis (Grubbs et al., 2014). In addition, subunit 1 of the 
cytochrome bc1 complex (complex III of the electron transport chain) was 43% more 
abundant in the longissimus dorsi of pigs with lower RFI values within the Low RFI line 
(P = 0.09), suggesting that Low RFI pigs could have more efficient ATP production 
(Grubbs et al., 2014). 
In pigs from G8, mitochondria were isolated from longissimus muscle, 
semitendinosus muscle, and liver tissue to assess electron leakage and reactive oxygen 
species production (Grubbs et al., 2013b). No differences were observed in the number of 
mitochondria between the Low and High RFI lines for any tissue (P > 0.15). Results 
showed that the Low RFI pigs had less reactive oxygen species production compared to 
the High RFI line in the white and red portions of the semitendinosus muscle (P < 0.05). 
There was also a positive correlation between RFI and the number of reactive oxygen 
species in mitochondria from the longissimus muscle, suggesting low RFI pigs had less 
reactive oxygen species in their mitochondria. In addition, there was a reduction in 
electron leakage in mitochondria in muscle tissues from the Low compared to the High 
RFI line, but no differences between RFI lines were observed for mitochondria from liver 
tissue (Grubbs et al., 2013b). 
By investigating the mitochondrial protein profiles and reactive oxygen species 
production between the Low and High RFI lines, biological mechanisms underlying 
improved feed efficiency were identified. Findings suggest that selection for improved 
feed efficiency has favorably altered the mitochondrial protein profile while decreasing 
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the oxidative stress of more feed efficient pigs, which can all contribute to the overall 
efficient use of energy in these pigs. 
IGF-I. Insulin-like growth factor I (IGF-I) is a polypeptide found in circulating 
blood that is associated with postnatal growth and development (Hossner et al., 1997). In 
G2 to G5, juvenile IGF-I was measured in circulating blood in pigs from 33 to 42 days of 
age (Bunter et al., 2010). The objective was to examine the correlated response in 
juvenile IGF-I to single-trait selection for RFI, with the idea that juvenile IGF-I could be 
used as an early in life physiological bio-marker to predict later in life RFI performance. 
The results of this study showed that juvenile IGF-I concentration is a moderately 
heritable trait (0.28 ± 0.05) that was positively genetically correlated with grow-finish 
RFI performance (0.63 ± 0.15), where lower concentrations of IGF-I in the blood were 
associated with lower RFI or more feed efficient pigs (Bunter et al., 2010). By G5, IGF-I 
was significantly lower (47 ng/mL) in the Low RFI line than the Control line (P < 
0.0001) (Bunter et al., 2010). 
Immune Response. There is concern about the impact of selection for increased 
feed efficiency on the immune system because the limited resources an animal has may 
be used for feed efficiency over other biological functions, such as immune response. The 
immune system requires a large amount of energy to function and, therefore, more feed 
efficient pigs may not consume enough energy to have a fully functioning immune 
system or as rapid a response to disease challenge as less feed efficient animals. To 
investigate these concerns, two studies have been conducted to assess differences 
between Low and High RFI pigs in terms of their circulating blood cell profiles (Mpetile 
et al., 2015) and response to a disease challenge (Dunkelberger et al., 2015). 
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In G8 and G9, circulating blood cell profiles were assessed with a complete blood 
count (CBC) analysis in barrows and gilts ranging in age from 35 to 42 d (Mpetile et al., 
2015). Complete blood count data were quantified as white blood cells (neutrophils, 
lymphocytes, monocytes, eosinophils, and basophils), red blood cells (hemoglobin 
concentration, hematocrit percent, mean corpuscular volume, mean corpuscular 
hemoglobin, mean corpuscular hemoglobin concentration, mean red blood cell 
distribution), and platelet cells (platelet, mean platelet volume) (Mpetile et al., 2015). 
Findings showed that Low RFI pigs tended to have lower total white blood cell counts (P 
= 0.11), with significantly fewer lymphocytes (P = 0.001), monocytes (P = 0.006), and 
basophils (P = 0.0002) than High RFI pigs (Mpetile et al., 2015). No significant 
differences were observed between Low and High RFI pigs for total red blood cells (P = 
0.74), but Low RFI pigs had significantly higher concentrations of hemoglobin (P < 
0.0001) and a greater volume of red blood cells (P < 0.0001) than High RFI pigs (Mpetile 
et al., 2015). No significant differences were observed between Low and High RFI pigs 
for platelet cells (P = 0.69) (Mpetile et al., 2015). These differences between blood cell 
profiles suggest that the Low RFI pigs may expend less energy on white blood cell 
production and more energy on improving oxygen transfer (Mpetile et al., 2015). 
However, none of the juvenile CBC traits were significantly correlated with subsequent 
grow-finish RFI, suggesting that these would be poor early bio-markers for RFI later in 
life (Mpetile et al., 2015). Most CBC traits were found to be moderately to highly 
heritable, indicating a strong genetic component to the CBC profiles (Mpetile et al., 
2015). Collectively, these findings indicate that selection for RFI altered the circulating 
blood cell profiles at a juvenile age, but since this study was performed on healthy (non-
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disease challenged) pigs, the impact of these differences on response to disease could not 
be determined. 
In G8, pigs from the Low and High RFI lines were challenged by experimental 
infection with porcine reproductive and respiratory syndrome virus (PRRSV) at 28 d of 
age with subsequent BW, viremia, and antibody measurements collected (Dunkelberger 
et al., 2015). In addition, non-challenged RFI pigs of the same generation were measured 
for ADG in a separate facility for comparison to the disease-challenged pigs. Disease-
challenged pigs of the Low RFI line were observed to have lower viral load (P = 0.09), 
greater ADG following infection (P = 0.10), and were more likely to survive (P = 0.06) 
than High RFI pigs (Dunkelberger et al., 2015). When analyzing disease- and non-
challenged RFI pigs together, results showed a significant interaction between RFI line 
and disease status (P = 0.04) for ADG, with the Low RFI line having a lower decrease in 
ADG between the non-challenged and disease-challenged pigs than the High RFI line, 
whose ADG was more severely impacted by the PRRSV infection (Dunkelberger et al., 
2015). Additionally, the Low RFI line had a greater increase in antibody levels from 7 to 
11 days post-infection than the High RFI line pigs (P < 0.001). Taken together, these 
results suggest that Low RFI pigs were less affected by the PRRVS challenge in terms of 
ADG and therefore may be more robust to disease challenges than High RFI pigs 
(Dunkelberger et al., 2015). 
Collectively, the work of Mpetile et al. (2015) and Dunkelberger et al. (2015) 
shows that immune related blood cell profiles are different between Low and High RFI 
pigs without compromising the more feed efficient (Low RFI) pigs’ ability to respond to 
a disease challenge. Conversely, the results from the Dunkelberger et al. (2015) study 
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suggest that selection for increased feed efficiency based on RFI may have resulted in 
pigs that are more robust to disease challenges and potentially better able to direct energy 
resources where they are needed. 
Genetic Basis of RFI. Insight into the genetic basis of feed efficiency could be 
very valuable in identifying the biological mechanisms underlying differences in feed 
efficiency. In addition, understanding the genetic basis of feed efficiency could be used 
for easier selection of superior animals for feed efficiency with the use of marker assisted 
selection or genomic selection, where marker genotype information could be utilized to 
identify animals with the highest genomic-based EBVs, without the need to measure feed 
intake and, thus, RFI. 
Heritability. In the ISU RFI lines, narrow-sense heritability (h2) for RFI was 
estimated to be moderate at 0.29 ± 0.07 (G0 to G4; Cai et al., 2008) and 0.25 ± 0.06 (G0 
to G5; Bunter et al., 2010) and 0.20 ± 0.06 (G0 to G7; Young and Dekkers, 2012). Other 
measures of feed efficiency (G:F and FCR) were also estimated to be moderately 
heritable by Cai et al. (2008) and Bunter et al. (2010). In addition, Cai et al. (2011a) 
found that heritability estimates of DFI tended to increase from 91 to 210 d of age (i.e. ~3 
to 7 months of age) for both boars (h2 from 0.10 to 0.37) and gilts (h2 from 0.14 to 0.26). 
Thus, RFI and other feed related traits are heritable, indicating there are genetic 
components and mechanisms underlying these traits. 
Genomic Regions. Utilizing phenotypic and genotypic data from G0 to G8, a 
genome wide association study (GWAS) was conducted to identify genomic regions, 1 
Mega base (Mb) windows, associated with RFI and component traits (Onteru et al., 
2013). Associations were identified for RFI on SSC 14 at 59 Mb near the candidate gene 
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GNG4 (guanine nucleotide binding protein 4), which accounted for 1.16% of the genetic 
variance in RFI (Onteru et al., 2013). Two other regions on SSC 7, at 39 and 16 Mb, 
accounted for 0.59% and 0.45% of the genetic variance in RFI (Onteru et al., 2013). An 
additional region on SSC 14 at 90 Mb accounted for 0.40% of the genetic variance in RFI 
(Onteru et al., 2013). These regions contained candidate genes (GLP1R and CDKAL1) 
involved in insulin synthesis and release and appetite control (Onteru et al., 2013). 
However, the confidence in these regions was modest because the highest region 
associated with RFI was only included in the Bayesian variable selection model that was 
used 68% of the time and the other regions were included less often, indicating that these 
regions were not always chosen as the best regions to account for the genetic variance in 
RFI (Onteru et al., 2013). Onteru et al. (2013) also concluded that identified regions 
should be validated. Additionally, in G8, markers on SSC 13 with extreme allele 
frequency differences between the Low and High RFI lines were identified (false 
discovery rate [FDR] < 0.01), which were used to identify candidate genes involved in 
potassium channels (KCN715), elongation of long chain fatty acids (ELOVL2), 
transcription factor regulation (TFAP2A), and hydrogen peroxide reducing activity 
(GPX2) (Onteru et al., 2013). 
Gene Expression. In G3, 6 month old gilts of the Low and Control RFI lines were 
fed ad libitum or restricted to 80% of maintenance energy requirements (Lkhagvadorj et 
al., 2010). Gene expression was assessed from liver and adipose tissues of both RFI lines, 
resulting in 311 differentially expressed genes (DEG) in adipose tissue and 147 DEG in 
liver between Low RFI and Control gilts (q ≤ 0.2) (Lkhagvadorj et al., 2010). Findings 
indicated that, as a mechanism of conserving energy, genes involved in lipid metabolic 
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pathways were downregulated, while carbohydrate metabolism genes were upregulated in 
adipose tissue of Low RFI gilts compared to Control gilts (Lkhagvadorj et al., 2010). In 
addition, the expression of the leptin gene was downregulated (2.4 fold) in Low RFI gilts 
compared to Control gilts (Lkhagvadorj et al., 2010). 
In G9, gene expression was assessed in juvenile pigs (35 to 42 d of age) from 
peripheral blood with extreme low and high RFI from the Low and High RFI lines, 
respectively (Liu et al., 2016). Between the Low and High RFI groups, 1,972 DEG (q ≤ 
0.15) were identified, which were overrepresented for genes involved in the proteasome 
complex, mitochondrion function, small molecule biosynthetic processes, antigen 
processing, presentation of peptide antigen via major histocompatibility complex class I, 
and steroid biosynthetic process (Liu et al., 2016). These genes were primarily up-
regulated (i.e. higher expression) in the Low RFI pigs compared to the High RFI pigs 
(Liu et al., 2016). On the other hand, overrepresented genes that were involved in bone 
mineralization, regulation of phosphorylation, and signal transduction were down-
regulated (i.e. lower expression) in the Low versus High RFI pigs (Liu et al., 2016). In 
addition, co-expression network analyses found genes involved in lipid metabolism, 
regulation of bone mineralization, cellular immunity, and response to stimuli to be 
overrepresented in the most significantly different co-expression modules (Liu et al., 
2016). 
Taken together, Lkhagvadorj et al. (2010) and Liu et al. (2016) found genes that 
were differentially expressed between Low and Control/High RFI pigs. Both studies 
found evidence to suggest that selection for increased feed efficiency (i.e. lower RFI) has 
resulted in the downregulation of lipid metabolism pathways. 
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French National Institute for Agricultural Research Residual Feed Intake Selection 
Experiment 
Beginning in 2000, selection for increased (Low RFI) and decreased (High RFI) 
feed efficiency, measured as RFI, was performed in French Large White pigs at INRA. 
To initiate selection, 30 sires from the French commercial Large White breed were mated 
to 30 Large White females to produce 30 litters, from which two divergent (Low and 
High) RFI lines were established (Gilbert et al., 2017a). To maintain each line, 6 boars 
and 35 to 40 gilts were randomly selected from first parity litters and used to breed the 
next generation (Gilbert et al., 2017a). Each generation, 96 boars from first parity sows 
were tested for grow-finish RFI from 35 to 95 kg BW (Gilbert et al., 2017a). The 
following phenotypic selection index was used for making selection decisions: RFI (g/d) 
= DFI (g/d) – [1.06 × ADG (g/d)] – [37 × BF (mm)]. Second parity pigs were used to 
measure barrows and gilts for grow-finish RFI and other economically important traits 
from 10 weeks of age until market weight, which was 105 kg BW for G0 to G4 and 115 
for kg BW for G6 to G9 (Gilbert et al., 2017a). 
Grow-Finish Phenotype Recording. Grow-finish phenotypic recording took 
place in a single unit containing 4 rooms, each with 4 pens that housed 8 to 12 pigs. Pigs 
were penned by line and sex when necessary (Gilbert et al., 2007). Each pen was 
equipped with a single-space electronic feeder (ACEMA64, Pontivy, France) (Gilbert et 
al., 2007). Pigs were allowed ad libitum access to feed and water. Feed was based on 
cereals and soybean meal, and was pelleted (Gilbert et al., 2007). Phenotypic traits 
measured were similar to those measured in the ISU RFI lines, including ADFI, FCR, 
ADG, BF (the average of 6 measurements on the right and left sides at the shoulder, 
midback, and loin; Aloka SSD-500 ultrasound machine from Aloka, Cergy Pontoise, 
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France), and RFI as defined above (Gilbert et al., 2007). Body weight measurements 
were collected weekly as the targeted on and off test BW was approached (Gilbert et al., 
2007). 
Grow-Finish Growth and Body Composition. Direct and correlated responses 
to selection for RFI were measured. By G9, the Low RFI line had lower RFI (-0.165 
kg/d,  P < 0.001), lower ADFI (-0.270 kg/d, P < 0.001), lower ADG (-0.008 g/d, P < 
0.01), greater FCR (0.32, P < 0.001), less carcass BF (0.09 mm, P > 0.1), and greater lean 
meat content (2.6%, P < 0.001) compared to the High RFI line (Gilbert et al., 2017a). RFI 
was estimated to have positive genetic correlations with FCR, ADFI, and lean meat 
content along with a slight negative genetic correlation with ADG and a near zero genetic 
correlation with carcass BF (Gilbert et al., 2017a). 
Body composition and growth throughout the grow-finish phase (i.e. longitudinal 
data) were investigated from G0 to G5 (Gilbert et al., 2009). Findings showed that the 
Low RFI pigs had lower growth rates (-7.2%) and lower DFI (-6% in early and -13% in 
late grow-finish phases) than High RFI pigs (Gilbert et al., 2009). In addition, Low RFI 
pigs were shown to have lower maintenance energy requirements (P < 0.02) than High 
RFI pigs (Barea et al., 2010). 
Reproduction. In G7, the INRA RFI lines were found to differ in sow 
reproductive performance and lactation RFI (Gilbert et al., 2012). Specifically, Low RFI 
sows had more piglets born alive (P < 0.0001), weaned 0.6 more piglets (P < 0.0001), 
and produced litters with higher litter weight at 21 days of age (P < 0.0001) compared to 
High RFI sows (Gilbert et al., 2012). In addition, Low RFI sows ate less (-280 g/day, P < 
0.0001), lost more BW (P < 0.0001), and lost more BF (P < 0.0001) during lactation than 
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High RFI sows (Gilbert et al., 2012). Thus, no negative impacts of selection for grow-
finish RFI were observed for sow reproduction and lactation. Instead, Low RFI sows 
were shown better able to allocate resources for milk production to ensure litter survival 
than High RFI sows (Gilbert et al., 2017a). 
Feed Digestion. No differences in nutrient and energy digestibility were observed 
between the Low and High RFI lines when pigs were fed a standard European diet (cereal 
and soybean-meal based) (Gilbert et al., 2017a). In G6, no differences were observed in 
apparent total tract digestibility of dry matter, nitrogen, or energy (P ≥ 0.44) (Barea et al., 
2010). In G7, either a control diet or a low-energy, high-fiber diet were fed to pigs of 
each RFI line (Montagne et al., 2014). Irrespective of diet fed, no digestibility differences 
were observed between the RFI lines for dry matter, nitrogen, or energy (P ≥ 0.2 ), but 
the Low RFI line had lower digestibility of neutral detergent fiber (P = 0.03) compared to 
the High RFI line (Montagne et al., 2014). Collectively, feed digestibility did not appear 
to play a large role in explaining variation in RFI in the INRA lines (Gilbert et al., 
2017a). 
Meat Quality. Meat quality was impacted by selection for RFI. Low RFI pigs 
were found to have lower ultimate pH (P < 0.0001) and increased lightness (P < 0.0001) 
of loin chops compared to High RFI pigs (Gilbert et al., 2017a). In G6, longissimus 
muscle from Low RFI pigs had lower pH 24 hours post-mortem (P < 0.001), increased 
drip loss (P < 0.001), less intra-muscular fat (P < 0.01), and had altered coloring [more 
red (a*), yellow (b*), and lighter (L*) (P < 0.05)] than muscle from High RFI pigs (Faure 
et al., 2013). A sensory panel test found that there were noticeable appearance differences 
(red color and muscling intensity, P < 0.001), while few differences were observed for 
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eating quality traits (Faure et al., 2013). Meat quality differences were attributed to 
changes in the percentage of fast-twitch glycolytic myofibers in longissimus muscle, 
which was higher in the Low versus High RFI line (P < 0.02) (Lefaucheur et al., 2011). 
Altogether, meat quality was impacted greatly by selection for RFI, but these differences 
had minor impact on sensory quality and therefore are unlikely to impact consumer 
eating (Faure et al., 2013; Gilbert et al., 2017a). 
Behavior: Feed Intake, Activity, and Response to Novel Objects. Differences 
in feeding behavior and activity were observed in the INRA lines. In G6, Low RFI pigs 
consumed less feed (P < 0.001), visited the feed fewer times (P < 0.001), consumed more 
feed per visit (P < 0.001), and had a greater feeding rate (P < 0.001) than High RFI pigs 
(Meunier-Salaün et al., 2014). Low RFI pigs, also, spent less time standing (P < 0.001), 
feeding (P < 0.001), and investigating their pen and other pigs (P ≤ 0.08) (Meunier-
Salaün et al., 2014). Interestingly, no differences were observed between RFI lines when 
a novel object was placed in their pens (Meunier-Salaün et al., 2014). Thus, Low RFI 
pigs spent less time eating, at an increased rate, and were less physically active. 
Metabolic Processes. Metabolism is a key physical process that contributes to 
variation in feed efficiency (Herd and Arthur, 2009). In the INRA RFI experiment, 
several metabolic processes were investigated, including protein turnover rate, 
mitochondrial function and oxidative stress, and IGF-I. 
Protein turnover rate. In G6 and G7, there were no differences observed in 
protein deposition or nitrogen utilization between the Low and High RFI lines (Barea et 
al., 2010; Labussière et al., 2015). However, also in G7, Renaudeau et al. (2013) 
observed that the Low RFI pigs had lower nitrogen utilization and protein deposition than 
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High RFI pigs during the grow-finish phase. In addition, protein degradation in the liver 
did not differ between RFI lines in terms of calpain activity or proteasome activity in 115 
kg BWs pigs, but, at 19 kg BW, the rate of protein synthesis per day and proteasome 
activity were both greater for Low RFI pigs compared to High RFI pigs (Le Naou et al., 
2012). Therefore, for the INRA RFI lines it is unclear how protein synthesis and 
degradation contribute to differences in RFI. 
Mitochondrial reactive oxygen species and protein profile. In G4, no differences 
in mitochondrial activity were observed in longissimus muscle between RFI lines 
(Lefaucheur et al., 2011). However, in G8, mitochondrial oxidative enzyme activities in 
adipose tissue were found to be lower in Low RFI pigs compared to High RFI pigs 
(Gondret et al., 2014). In G6, Low RFI pigs had lower energy metabolism, as assessed by 
lower glycolytic activities and lower β-oxidation of fatty acids compared to High RFI 
pigs (Faure et al., 2013), which suggests lower activity of adenosine monophosphate-
activated protein kinase (a master switch stimulate oxidation) in Low RFI pigs (Gilbert et 
al., 2017a). Collectively, mitochondrial activity appeared to play different roles in muscle 
and adipose tissue in the INRA RFI lines, and Low RFI pigs had lower energy 
metabolism compared to High RFI pigs. 
IGF-I. In G7 and G8, juvenile IGF-I samples were collected the week after 
weaning (35 ± 2 days) in the INRA RFI lines (Gilbert et al., 2017b). The Low RFI pigs 
were observed to have lower concentrations (-35.4 ng/mL) of IGF-I compared to the 
High RFI pigs (P < 0.001) (Gilbert et al., 2017b). Body weight gain between weaning 
and IGF-I sampling was, however, found to account for 49% of these differences in IGF-I 
between the INRA RFI lines (Gilbert et al., 2017b). After accounting for differences in 
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ADG between weaning and sample collection, the Low RFI pigs were still observed to 
have lower concentrations (approximately -18 ng/mL) of IGF-I compared to the High 
RFI pigs (P < 0.001) (Gilbert et al., 2017b). Thus, selection for lower RFI (i.e. improved 
feed efficiency) in the grow-finish phase was associated with lower IGF-I concentrations 
in young (post-weaning) pigs, similar to the ISU RFI lines. 
Immune Response. In G7 and G8, seven week old pigs were experimentally 
challenged with complete Freund’s adjuvant to induce a non-infectious pneumonia 
(Labussière et al., 2015; Merlot et al., 2016). The Low RFI pigs increased their catabolic 
activities during the first day after challenge, but returned to anabolic metabolism by the 
second day, while the High RFI line took longer to return to anabolic metabolism in 
response to the challenge (Labussière et al., 2015). During the recovery process at 8 days 
post challenge, the Low RFI line had greater protein synthesis, which was accompanied 
by lower calpain activity (P = 0.07) in longissimus muscle, compared to the High RFI 
line, along with greater clearance of dietary amino acids from the blood after a meal 
(Merlot et al., 2016). Interestingly, one week after challenge, gene expression of 
inflammatory cytokines was found to be lower in the Low RFI versus High RFI pigs 
(Gilbert et al., 2017a). Collectively, the INRA RFI lines appeared to use different 
biological mechanisms to respond to the inflammatory challenge, but no disadvantage 
was observed for the Low RFI line (Gilbert et al., 2017a). 
Genetic Basis of RFI. The genetic basis of RFI was explored in the INRA RFI 
lines. 
Heritability. Using data from G0 to G9, heritability of RFI was 0.13 ± 0.05 
(Gilbert et al., 2017a), while a similar heritability was estimated (0.14 ± 0.03) from G0 to 
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G3 (Gilbert et al., 2007). When estimating heritability of RFI based on a linear regression 
of ADFI on ADG, MBW (BW0.6), and lean meat content, the estimate of 0.24 ± 0.03 was 
more similar to that of the ISU RFI lines and other reported values (Gilbert et al., 2007). 
Although, the heritability estimates for RFI was lower in the INRA lines than other 
populations, it is still important to understand the underlying genetic mechanisms. 
Genomic Regions. Dams and sires (n =270) from G0 to G3 and G6 were 
genotyped and utilized, along with phenotypic records, to perform single-SNP GWAS. 
No genomic regions were found to be significantly associated with RFI, but a suggestive 
association on SSC 16 was reported (Riquet et al., 2014). The suggestive association on 
SSC 16 had not been previously reported, but no candidate gene was reported (Gilbert et 
al., 2017a). However, the number of animals genotyped in this GWAS was small and 
authors stated that results need confirmation (Gilbert et al., 2017a). 
Gene Expression. In G7 and G8, gene and protein expression from longissimus 
muscle at 115 kg BW were assessed (Vincent et al., 2015). Low RFI pigs had greater 
expression of genes related to protein synthesis and lower expression of genes related to 
mitochondrial energy metabolism compared to High RFI pigs (Vincent et al., 2015). 
Interestingly, protein abundance was lower in Low RFI pigs for mitochondrial oxidative 
and antioxidant proteins, while proteins related to glycolysis had greater abundance 
compared to High RFI pigs (Vincent et al., 2015). These gene and protein expression 
patterns suggest that the lower oxidative metabolism in longissimus muscle of Low 
versus High RFI pigs indicative of less oxidative stress in muscles of Low RFI pigs 
(Vincent et al., 2015). In G6 and G7, gene expression in adipose tissue was assessed 
(Louveau et al., 2016). Genes related to lipolysis, mitochondrial oxidative metabolism 
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were overexpressed, and mitochondrial antioxidation genes were up-regulated in adipose 
tissue from Low versus High RFI pigs (Louveau et al., 2016). Low RFI pigs had greater 
oxidative and antioxidation in adipose tissue. In G8, gene expression was assessed from 
whole blood, and 528 overexpressed (mostly related to translation elongation) and 477 
underexpressed (primarily immune response) genes were identified in the Low RFI 
compared to the High RFI lines (Jégou et al., 2016). Collectively, differences in gene 
expression between the lines highlighted different mechanisms associated with RFI in 
different tissues (muscle, adipose and blood). 
 
Genomic Regions Associated with Residual Feed Intake 
Residual feed intake is a biologically complex trait with many biological 
processes that contribute to improved feed efficiency, as described previously. In 
addition, RFI is a time consuming and costly phenotype to collect. This is because 
individual feed intake records must be recorded, which requires expensive and labor 
intensive single-space feeders to collect individual feed intake on a large number of pigs. 
With this in mind, it would be advantageous to understand the genomic regions and genes 
associated with improved feed efficiency or lower RFI. If such regions that account for a 
large portion of the genetic component for RFI were identified, then marker assisted 
selection using genotypes at particular genes or locations within the genome, called 
single nucleotide polymorphisms (SNP), could be used to select more feed efficient pigs 
from genotype data, which can be collected on young animals. This could save time and 
money by selecting pigs that have superior genetic merit earlier in life. Perhaps more 
realistically, markers across the whole genome could be used to predict the genetic merit 
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of a pig without the need of phenotypic information on the selection candidates, which is 
known as genomic selection. 
Across swine breeds, relatively few quantitative trait loci (QTL) for RFI have 
been identified compared to other production traits. Genomic regions associated with RFI 
have also been spread across the genome. As described in the review of the ISU RFI 
lines, a GWAS in the ISU RFI selection lines identified four associations with small 
effects (explaining less than 1.5% of the genetic variance for RFI) on SSC 7 at 39 to 40 
Mb and 16 to 17 Mb, and on SSC 14 at 59 to 60 Mb and 90 to 91 Mb (Onteru et al., 
2013). In an independent Yorkshire population, single-SNP (i.e. testing the effect of one 
SNP at a time) GWAS was conducted and associations with RFI were found on SSC 1, 3, 
4, 8, 9, 10, 14, 15, and 17 (Do et al., 2014b). Of particular interest were regions on SSC 7 
at 18.8 Mb and SSC 8 at 87.2 Mb (Do et al., 2014b) and U1 spliceosomal RNA was 
identified a candidate gene for this region, which is involved in splicing pre-mRNAs (Do 
et al., 2014b). The regions identified on SSC 7 could be detecting the same QTL for RFI 
in independent Yorkshire populations (Onteru et al., 2013; Do et al., 2014b). Other QTL 
have been identified in other breeds, including Duroc and Duroc crosses, and Large 
White. In Danish Duroc boars, single-SNP GWAS was conducted and SNPs located on 
SSC 1, 8, 9, 11, 12, 13, 14, 15, 16, and 18 were associated with RFI, but with small 
effects (explaining less than 0.21% of the genetic variance) (Do et al., 2014a). Regions on 
SSC 1 from 27 to 33 Mb and on SSC 9 from 119 to 122 Mb were of particular interest 
(Do et al., 2014a). On SSC 1, MAP3KF (mitogen-activated protein kinase 5) was 
identified as a candidate gene, which is involved in signaling for determination of cell 
fate. No annotated gene was located within 50 kilobases of the region on SSC 9 (Do et 
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al., 2014a). In another Duroc population, no QTL were identified that explained more 
than 1% of the genetic variation in RFI when a Bayesian GWAS was conducted (Jiao et 
al., 2013). The top regions associated with RFI were located on SSC 2 from 41 to 46 Mb, 
which included four non-overlapping 1 Mb windows that cumulatively explain more than 
2% of genetic variance), along with regions on SSC 4 near 6 Mb and on SSC 11 at 6 Mb 
(Jiao et al., 2013). However, there was limited confidence in the regions associated with 
RFI from this study and 99.9% of 1 Mb windows explained less than 0.5% of the genetic 
variance in RFI, illustrating that RFI is a highly polygenic trait (Jiao et al., 2013). In a 
Duroc cross population, a region on SSC 3 near 134 Mb was associated with RFI, but no 
candidate gene was identified (Guo et al., 2015). In French Large White pigs, single-SNP 
GWAS was conducted and a region on SSC 6  from 27 to 28 Mb that is located in the 
FTO (fat mass and obesity associated) gene was associated with RFI (Sanchez et al., 
2014). Within the INRA RFI lines, which is another Large White population, a single-
SNP GWAS identified a suggestive association for RFI on SSC 16 (Gilbert et al., 2017a). 
In Junmu No. 1 White Pigs (a cross between hybrid Belgian Seghers boars and Chinese 
Sanjiang hybrid sows), twelve SNPs, on SSC 1, 2, 19, 12, 13, and 15, were found to be 
associated with RFI (Bai et al., 2017). However, none of these regions overlapped with 
regions identified in breeds commonly used in the U.S. swine industry. 
Collectively, genomic regions associated with RFI have been identified. These 
genomic regions were spread across many chromosomes and had small effects that 
appear to be specific to breeds and populations of pigs, indicating that RFI is a highly 
polygenic trait in pigs. In addition, candidate genes associated with RFI differed between 
studies, indicating that many biological mechanisms underlie this complex trait. 
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Impact of Diet on Growth and Performance 
High Fiber Diets 
The swine industry and scientific community have been interested in the effects of 
feeding diets with varying levels of fiber from various fiber sources since the 1980s. 
Early research completed by Varel et al. (1984), Pond et al. (1988), Moore et al. (1988), 
and Anugwa et al. (1989) gave a good basis of performance differences in pigs when fed 
low-fiber (control diets) or high-fiber diets. Others have done extensive research to 
understand the digestibility of different fiber sources and how those interact with the 
other feed ingredients (Noblet and Goff, 2001). While others have explored the benefits 
of feeding by- and co-products (Stein and Shurson, 2009). 
Varel et al. (1984) studied the effect of low and high fiber diets fed to littermate 
pigs (n = 16) on growth and carcass traits in grow-finish phase of production. The fiber 
source utilized in this study was 35% alfalfa meal substituted for corn and soybean-meal 
in the high-fiber diet and 0% substituted in the low-fiber diet. High-fiber diet fed pigs had 
reduced weight gain, gain to feed ratio (G:F), and lower carcass weight at slaughter 
compared to their low-fiber fed counterparts. Although, feed intake was not significantly 
affected by diet. Carcass traits of backfat thickness and longissimus muscle area were 
also reduced in pigs fed the high-fiber compared to low-fiber diet, but these results could 
have been driven by difference in carcass slaughter weight. Overall, performance was 
reduced when pigs were fed high-fiber diets. 
Pond et al. (1988) studied the effect of high-fiber diets on 21 grow-finish barrows 
of three genetic types (lean, obese, and contemporary). High-fiber diet contained 80% 
dehydrated alfalfa meal which was 17% protein, while the low-fiber control diet was 95% 
corn and soybean-meal based (CSB). Results showed that barrows fed the high-fiber diet 
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had lower daily weight gain and G:F compared to those fed the low-fiber diet. Daily feed 
intake was lower in high-fiber diet fed barrows than in low-fiber fed pigs; additionally, 
for daily weight gain there was a genotype by diet interaction. Ultrasonic backfat 
thickness was significantly less in barrows fed the high-fiber diet compared to the low-
fiber diet; although, a genotype by diet interaction was also observed for this trait. 
Longissimus muscle area was reduced by the high-fiber diet in lean and contemporary 
pigs, but not in obese pigs; hence, a genotype by diet interaction was observed. In 
conclusion, Pond et al. (1988) observed that feeding a high-fiber diets resulted in reduced 
daily weight gain, G:F, DFI, BF, and LMA for some of the genetic types, but not for all 
types in all traits. 
Moore et al. (1988) focused on studying the effect of dietary fiber, including the 
source of the fiber, on the growth and nutrient utilization in young, nursery-aged, barrows 
and gilts (n = 72). Fiber source was not found to have a major impact on performance or 
nutrient utilization, although three diets replacing corn and soybean-meal with 15% oat 
hulls, 15% soybean hulls, or 20% alfalfa meal were all tested in comparison to a CSB 
diet. In general, at 15 to 20% inclusion rates, fiber did not have a large impact on ADG, 
DFI, or G:F in this study. Although, pigs fed the high-fiber alfalfa meal diet tended to 
have reduced daily gain and G:F compared to all other feed treatments. The higher-fiber 
diets compared to the CSB diet resulted in reduced apparent total tract digestibility 
(ATTD) of nitrogen, gross energy, and dry matter. While neutral detergent fiber 
digestibility was reduced by only by high-fiber diets made with oat hulls and alfalfa meal, 
not soybean hulls. In general, this study showed that low to moderate levels of fiber  
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inclusion have minimal impact on performance and nutrient utilization in young piglets, 
even though digestibility coefficients are reduced in diets including more fiber. 
Anugwa et al. (1989) studied the effect of a high fiber diets compared to a control 
CSB diet on growth performance and carcass traits of finishing barrows (n = 48). The 
high-fiber diet incorporated 40% alfalfa meal as a substitute for corn and soybean-meal. 
Daily gain was reduced in the first 48 d of the 66 d test period when the high-fiber diet 
was fed, but not in the remainder of the study. Daily feed intake and G:F were lower in 
pigs fed the high-fiber only for the first 17 d of the study, otherwise no differences in DFI 
or G:F were observed in the remainder of this study. In the first 48 d of the study, 
barrows fed the high-fiber also had reduced LMA, and slaughter weight, but few 
differences were observed in pigs harvested during the rest of the study. No differences in 
BF at 66 d of the test were observed between high-fiber and control diet fed barrows. 
Results showed that barrows fed the high-fiber diet had increased weight of the total 
gastrointestinal tract and stomach compared to the control diet fed barrows. Differences 
due to the high-fiber diet early in the study, but not in the remainder of the study suggest 
that pigs are able to adapt to the high-fiber diet. Overall conclusions of this study 
suggested that feeding higher-fiber diets may result in increased maintenance 
requirements. 
Distillers dried grains with solubles. An interest in the swine industry for 
feeding diets higher in fiber has existed for decades, and has been more strongly 
implemented in European countries than in the United States where CSB diets are most 
commonly fed. At the turn of the twenty-first century a movement to explore the use of 
distillers dried grains with solubles (DDGS) began with the increase in ethanol and bio-
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fuels production. The rational for the incorporation for DDGS in livestock feeds is two-
fold: 1) to decrease the use of more expensive ingredients such as corn and soybean-meal 
and 2) a way to make use of by-products from ethanol production. Due to the processing 
for ethanol production, the starch component of corn is removed and resulting by-product 
is a much more concentrated source of fat, fiber (neutral detergent fiber, acid detergent 
fiber, and total dietary fibers), and amino acids (Stein and Shurson, 2009). As a generally 
accepted feeding guideline, up to 30% DDGS can be included in a diet without negative 
impacts on growth performance in both nursery (2 to 3 weeks post-weaning), and grow-
finish pigs (Stein and Shurson, 2009). Up to 50% DDGS inclusion can be used in diets 
for gestating sows and 30% DDGS for can be used for lactating sows without any 
negative impact on sow reproductive performance (Stein and Shurson, 2009). Generally, 
it has been found that DDGS can be used in feeding pigs during all life phases, and at the 
levels described previously without negatively impacting pig performance (Stein and 
Shurson, 2009). One drawback of feeding DDGS is that the nutritional values of DDGS 
have been shown to be highly variable among different ethanol plants; possibly due to the 
variety of cereal crops used for ethanol production including corn, sorghum, wheat, or a 
mixture of cereal grains for producing ethanol (Stein and Shurson, 2009). Another 
drawback of DDGS is that even though DDGS from corn ethanol production contain 
more gross energy than corn itself, less of this energy is digestible with a reduction from 
90% to 77% ATTD (Stein and Shurson, 2009). 
Collectively, DDGS and high fiber diets have become more widely used in swine 
diets within the U.S. The impacts of these diets on feed efficiency needs to be better 
understood. 
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High Energy Diets 
It has long been understood that energy density in livestock feed plays a key role 
in performance and growth, with more recent work investing the impact of energy density 
in swine diets conducted by Apple et al. (2004), Beaulieu et al. (2009), and Hinson et al. 
(2011). In most swine diets, the primary source of energy comes in the form of starch 
from cereal grains such as corn and soybean-meal. Although other components also 
contribute energy, such as fat, which is more energy dense, or from dietary fiber, which is 
less energy dense. Studying the effect of the dietary energy density of different swine 
diets has long been of interest in the swine industry for maximizing performance. In more 
recent years, interest in fine-tuning the level of energy provided by a diet and the source 
of that energy has been of renewed interest because the cost of feed is driven by the 
energy content, with the most expensive feeds containing higher levels of energy. The 
following will  report the findings  of Apple et al. (2004), Beaulieu et al. (2009), and 
Hinson et al. (2011). 
Apple et al. (2004) studied the effect of dietary energy density (3.30 and 3.48 
Mcal/kg) and the lysine to energy ratio (Lys:ME) (1.7, 2.4, or 3.1 g of lysine/Mcal) on 
performance and carcass characteristics of finishing pigs in a 2 x 3 factorial design. 
Crossbred finishing barrows and gilts (n = 216) were fed one of six diets that each 
contained 10 mg of ractopamine per kg of as-fed feed. Energy density did not have an 
effect on growth rate across the entire study, but growth rate and was significantly 
increased as the Lys:ME ratio increased in the diets. No effect of energy density or 
Lys:ME ratio on feed intake was observed. Feed efficiency, measured as G:F, was greater 
in pigs fed the higher energy diet, and also increased as the Lys:ME ratio increased in the 
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diet. At the end of test, ultrasonic BF and LMA were significantly affected by Lys:ME in 
the diet. Backfat was reduced as Lys:ME increased in the diet, while LMA increased with 
increasing Lys:ME. Backfat depth increased with increasing energy density, but LMA 
was not affected, ultimately resulting in carcasses with more fat for pigs that were fed 
higher energy diets. 
Beaulieu et al. (2009) conducted two experiments to investigate the effect of 
dietary energy concentration in feed on growing pig performance and carcass traits. In 
experiment 1, grow-finish barrows and gilts (n = 300) were housed in a commercial 
research facility and given five diets that provided digestible energy (DE) ranging from 
3.05 to 3.61 Mcal/kg of feed. Energy density differences were achieved by decreasing the 
inclusion of lower energy ingredients, primarily barley and canola meal, and increasing 
the inclusion of higher energy ingredients such as wheat, soybean meal, and canola oil. 
Results showed that ADG and G:F increased and feed intake decreased as DE in the diet 
increased. Considering feed intake on an energy basis, energy intake and gain per Mcal of 
DE intake increased as DE in the diet increased. Lean yield of the carcasses decreased 
and carcass backfat increased as DE in the diet increased. In experiment 2, three levels of 
DE (3.20, 3.35, or 3.50 Mcal/kg) were fed to 720 grow-finish barrows and gilts in a 
commercial production setting. Energy adjustments were made in a similar way to 
experiment 1. Results showed that ADG over the entire grow-finish period was not 
effected by dietary energy density; however, G:F was increased and feed intake 
decreased with increasing DE in the diet. Considering feed intake on an energy basis 
showed no differences in energy consumption per day nor a difference in gain per Mcal 
of DE for the three diets. Percentage of lean yield in the carcass and backfat were not 
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affected by DE level in the diet. In conclusion, feed efficiency was improved and feed 
intake reduced with increasing dietary energy level of the diet. However, ADG and 
carcass traits had variable results across experiments. 
Hinson et al. (2011) studied the impact of ractopamine (0 and 7.3 mg/kg) and 
dietary energy density (3.54, 3.37, 3.32 Mcal of metabolizable energy/kg) on 
performance, carcass characteristics and meat quality in 54 finishing barrows. Diets with 
high, medium, and low energy levels were CSB with fat added at three levels: 1) 4%, 2) 
0.5% and 3) 0.5% plus 15% wheat middlings. Unlike Apple et al. (2004), the Lys:ME 
ratio was the same within ractopamine levels. Results showed no effect of the interaction 
between ractopamine and energy density, and thus only the effect of energy density will 
be highlighted here. Feed intake, energy intake on metabolizable energy (ME) basis, 
ADG, G:F, and carcass BF were lower for the lowest energy diet compared to the high 
and medium energy diets. Additionally, ADG and G:F were lower in pigs fed medium 
energy diets compared to high energy diets. Feed intake, energy intake on an ME basis, 
and BF were not observed to be different between high and medium energy level diet fed 
pigs. No differences in carcass LMA were observed in this study. In conclusion, 
performance and carcass characteristics were most impacted by the lowest energy diet 
and were not as different between the medium and high energy diets. 
Collectively, increasing energy provided by a diet can improve growth and feed 
efficiency, although this was not observed in all studies. There appears to be a balance 
between having enough energy to increase growth and feed efficiency and providing too 
much energy in the diet with no growth benefits. In addition, the relationship between  
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dietary energy level in a diet and feed efficiency, measured as RFI, has yet to be 
explored. 
 
IGF-I as an Indicator Trait for Feed Efficiency 
Since feed intake and therefore feed efficiency are costly and time-consuming 
traits to measure, there has been an interested from the livestock industry and scientific 
community to identify indicator traits (i.e. a trait measured as a proxy for another trait) 
for feed efficiency in livestock. For an indicator trait to be useful for genetic selection, it 
must be heritable and genetically correlated to the trait of interest. Ideally, an indicator 
trait should also be measurable earlier in life than the trait of interest, which allows for 
information about the trait of interest to be known sooner, thus saving time and money on 
housing, data collection, and, for some traits, by reducing generation interval if the trait is 
measured on progeny. Insulin-like growth factor I (IGF-I) measured on blood collected 
on young pigs has been identified as a potential indicator trait for feed efficiency in pigs 
(Bunter et al., 2002; Bunter et al., 2010). 
Insulin-like growth factor I (IGF-I) is a polypeptide with 70 amino acid residues 
(Renaville et al., 2002) that is found in circulating blood. This polypeptide is produced in 
the live, muscle, and fat tissues (Hossner et al., 1997) and has been studied for its 
hormone roles within the endocrine system, as well as for autocrine (a cell signaling to 
the same cell) and paracrine (a cell signaling to nearby cells) roles. The primary role of 
IGF-I is through its interaction with growth hormone. It has been well document that 
growth hormone promotes growth (Oksbjerg et al., 2004) and growth hormone 
production induces the production of IGF-I in the liver and its subsequent release into the 
blood stream, where it acts through the endocrine system (Laron, 2001). IGF-I in 
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circulating blood is bound 99% of the time to one of the six IGF binding proteins 
(IGFBP), which prevent degradation of the IGF-I polypeptide (Oksbjerg et al., 2004); 
80% of circulating IGF-I is bound by IGFBP-3 (Laron, 2001). It has been shown that 
IGF-I stimulates protein synthesis and inhibits protein degradation (Oksbjerg et al., 
2004).  In fact, in mouse lines, knocking-out the IGF-I gene or its receptor genes 
decreased the size of mice by 40 to 45% (Laron, 2001). Thus, it is well documented that 
the interaction of IGF-I with growth hormone leads to increased growth.  
However, before the establishment of IGF-I and growth hormone axis, IGF-I acts 
through paracrine and autocrine signaling (Bunter et al., 2002). Differences in the 
primary mode of action of IGF-I in juvenile pigs (25 to 35 days of age) versus growing 
pigs may explain the low phenotypic correlation in IGF-I concentrations observed 
between young and growing pigs (Bunter et al., 2002). Bunter et al. (2002) found that 
lower concentrations of circulating IGF-I in juvenile pigs was favorably correlated with 
reduced backfat thickness and feed conversion ratio during the grow-finish phase in 
commercial populations of pigs. Thus, juvenile IGF-I could be an indicator of feed 
efficiency in growing-pigs. In previous work completed with G2 to G5 in the ISU RFI 
lines, Bunter et al. (2010) found that IGF-I concentrations in blood were heritable and 
positively genetically correlated with grow-finish feed efficiency in pigs, and thus, 
concluded IGF-I could be used an indicator trait for RFI in pigs. Further investigation of 
the genetic relationship between juvenile IGF-I concentrations and feed efficiency in 
grow-finish pigs after additional selection for RFI in the ISU RFI is however needed to 






Figure 2.1 Illustration of residual feed intake (RFI), with expected feed intake based on 
production and maintenance requirements on the x-axis and observed feed intake on the 
y-axis. The difference between each point and the regression line is RFI. Low RFI 
individuals fall below the regression line and high RFI individuals fall above. 
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CHAPTER 3.    EFFECT OF LOWER-ENERGY, HIGHER-FIBER DIETS ON 
PIGS DIVERGENTLY SELECTED FOR RESIDUAL FEED INTAKE WHEN 
FED HIGHER-ENERGY, LOWER-FIBER DIETS1 
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Abstract 
Residual feed intake (RFI) is the difference between observed and predicted feed 
intake of an animal, based on growth and maintenance requirements. In Yorkshire pigs, 
divergent selection for increased (Low RFI) and decreased (High RFI) RFI was carried 
out over 10 generations (G) while feeding a corn and soybean-meal based, higher-energy, 
lower fiber (HELF) diet. In G8 to 10, representing 4 replicates, barrows and gilts (n = 
649) of the RFI lines were fed the HELF diet and a diet incorporating co-products that 
was lower in energy and higher in dietary fiber (LEHF). The diets differed in ME, 3.32 
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vs. 2.87 Mcal/kg, and in NDF, 9.4 vs. 25.9%, respectively. The impact of the LEHF diet 
on (1) performance and growth, (2) diet digestibility, (3) genetic parameter estimates, and 
(4) responses to selection for RFI, when fed the HELF, were assessed. In general, the 
LEHF diet reduced performance of both lines. When fed the HELF diet, the Low RFI 
pigs had lower (P < 0.05) ADFI and energy intake (-12%), ADG (-6%), and backfat 
depth (-12%); similar (P > 0.05) loin muscle area (LMA, +5%); and greater (P < 0.05) 
feed efficiency (i.e. 8% higher G:F and 7% lower RFI) than the High RFI line. These 
patterns of line differences were still present under the LEHF diet but differences for 
ADFI (-11%), energy intake (-10%), G:F (+2%), and RFI (-6%) were reduced compared 
to the HELF diet. Apparent total tract digestibility (ATTD) of the HELF and LEHF diets 
was assessed using 116 barrows and gilts from G8. When fed the HELF diet, ATTD of 
DM, GE, N, and NDF were similar between lines (P ≥ 0.27), but when fed the LEHF 
diet, the Low RFI pigs had greater digestibility (7, 7, 10, and 32%) than the High RFI line 
(P ≤ 0.04). To measure responses to selection for RFI and estimate genetic parameters, 
data from all 10 generations were used (HELF, n = 2,310; LEHF, n = 317). Heritability 
estimates of performance traits ranged from 0.19 to 0.63 and genetic correlations of traits 
between diets were high and positive, ranging from 0.87 (RFI) to 0.99 (LMA). By G10, 
RFI in the Low RFI line was 3.86 and 1.50 genetic SD lower than in the High RFI line 
when fed the HELF and LEHF diets, respectively. Taken together, the results of this 
study demonstrate that responses to selection for RFI when fed a HELF diet are not fully 
realized when pigs are fed an extremely LEHF diet. Thus, feeding diets that differ from 




In the U.S. swine industry, feed costs account for over half of total production 
costs (Giamalva, 2014). Periods of high feed prices have resulted in interest in reducing 
feed costs and improving feed efficiency (FE). A common approach to mitigate high feed 
costs is to substitute corn and soybean-meal with less costly ingredients. However, high 
inclusion rates of alternative feedstuffs, which are often lower in energy and higher in 
dietary fiber content, may reduce performance. Genetic selection for FE is another 
approach to reduce feed costs. Since 2001, selection for increased and decreased FE, 
measured as residual feed intake (RFI), has occurred over 10 generations in Yorkshire 
swine at Iowa State University (ISU). Residual feed intake is defined as the difference 
between observed feed intake (FI) and predicted FI, given expected growth and 
maintenance requirements (Koch et al., 1963). Residual feed intake is a moderately 
heritable trait, with estimates in growing pigs ranging from 0.14 to 0.45 (Nguyen et al., 
2004). Understanding the effect of combining alternative feedstuffs and RFI is pertinent 
for the swine industry. Interestingly, the influence of genetic background on dietary fiber 
utilization has been controversial (Pond et al., 1988; Kemp et al., 1991; Yen et al., 2004). 
Little is known about the impact of nutrition on genetic progress because genetic 
selection is primarily carried out in high-health facilities while feeding high quality diets, 
yet producers feed a wide range of diets. Therefore, the aim of this study was to assess 
the effect of lower-quality feedstuffs, particularly those lower in energy and higher in 
dietary fiber, on pigs that have been divergently selected for RFI when fed a standard 
high-energy (corn and soybean-meal based) diet. Specific objectives were to assess this 
effect on (1) production performance, (2) feed digestibility, (3) genetic parameter 
estimates, and (4) responses to selection. 
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Materials and Methods 
Experimental procedures for this study were approved by the Iowa State 
University Animal Care and Use Committee (IACUC #11-1-4996S). 
Experimental Design and Data Collection 
ISU RFI Selection Experiment. Since 2001 at ISU, selection for increased (Low 
RFI) and decreased (High RFI) feed efficiency, measured as RFI, has taken place in 
Yorkshire pigs (Cai et al., 2008; Bunter et al., 2010; Young et al., 2011; Young and 
Dekkers, 2012). In brief, single trait selection for Low RFI was continued for 10 
generations (G) based upon EBV for RFI. In parallel, a randomly mated control line was 
maintained from the base generation (G0) through G4; selection for High RFI began in 
G5 and was continued through G10. During this period of selection, pigs were fed a high-
energy, low-dietary fiber (corn and soybean-meal based) diet that met NRC (1998) 
requirements. In each generation, ~12 out of ~125 boars and ~70 out of ~125 gilts were 
selected per line for breeding from first parity litters, while gilts from parity 2 litters were 
utilized to generate additional data, except in G10 when first and second parity pigs were 
utilized for other purposes (detailed later). Selection and breeding occurred within line, 
and was constructed to limit inbreeding and avoid full- and half-sibling matings. 
Individual FI, as-fed, was recorded with single-space electronic FIRE feeders 
(Osborne Industries Inc., Osborne, KS) in pens housing 14 to 16 pigs. The targeted test 
period was from ~40 to 115 kg or greater BW. Through G4, BW measurements were 
collected every week and every other week in subsequent generations. At the end of the 
test period, 10th-rib ultrasonic loin muscle area (LMA) and backfat depth (BF) were 
measured using an Aloka 500V SSD ultrasound machine fitted with a 3.5 MHz, 12.5 cm, 
linear-array transducer (Corometrics Medical Systems Inc., Wallingford, CT). Feed 
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intake data were edited as detailed by Casey et al. (2005) and ADFI was calculated as the 
average of all FI records as described by Cai et al. (2008). Phenotypic records were 
recorded on a total of 1,978 pigs from G0 through G7 and on the first parities of G8 and 
G9, while remaining generations and parities were utilized for other studies (detailed 
later). Standard phenotypic traits recorded over the test-period were ADFI (kg/d), ADG 
(kg/d), G:F, feed conversion ratio (FCR=ADFI/ADG), LMA (cm2), BF (mm), and RFI 
(kg/d). 
Line-by-Diet Performance. Barrows and gilts (n = 649) from the second parities 
litters of G8 through G10 and from the first parity of G10 of the ISU RFI lines (Low RFI, 
n = 331; High RFI, n = 318) were used to determine the effect of lower-quality feedstuffs 
on swine divergently selected for RFI. This was accomplished utilizing a 2 × 2 factorial 
treatment design with 2 genetic lines (Low and High RFI, herein referred to as lines or 
RFI lines) and 2 diets in 4 replicates from October 2011 to January 2015, although these 
were not true genetic replicates because of the on-going selection. Pigs came from 46 
sires, 144 dams and 170 litters, where 26 dams had 2 litters represented. As described by 
Arkfeld et al. (2015), pigs were fed 1 of 2 diets in 3 growth phases from ~40 to 118 kg 
BW, either a commercial standard high(er)-energy, low(er)-fiber diet (HELF; n = 332) or 
a low(er)-energy, high(er)-fiber diet (LEHF, n = 317) for the entirety of the test period. 
Both diets met or exceeded NRC (1998) requirements throughout the growing-finishing 
phase (Table 3.1). Across grow-finish phases, diets had differences in average ME 
content (3.32 vs. 2.87 ME Mcal/kg) and average NDF content (9.40 vs. 25.90% NDF) but 
were balanced for standardized ileal digestible (SID) lysine to ME ratio (2.5 g SID 
Lys/Mcal). Corn bran, soybean hulls, and wheat middlings were used to replace corn and 
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soybean-meal to achieve ME and NDF differences. To mitigate barn dust, both diets 
(HELF and LEHF) were adjusted in G9 and 10 by substituting 1% corn with oil on an as-
fed basis. Further details of sample distributions across replicates, lines, diet, and sex are 
presented in Supplementary Table 3.6. 
Prior to the start of the study, all pigs were raised using standard protocols and 
diets, as described by Young et al. (2011). In each of the 4 replicates, pigs were housed in 
12 pens in the same barn and grown, on average (± SD), from 102 (± 11) d of age and 
43.4 (± 8.9) kg BW to 232 (± 20) d of age and 125.6 (± 8.8) kg BW (Supplementary 
Table 3.6). Each pen housed 14 to 16 pigs, a single-space electronic feeder, 2 nipple-type 
waterers, and measured 5.6 × 2.3 m, resulting in a minimum space of 0.82 m2/pig and ad 
libitum access to feed and water (Young et al., 2011). Pens were balanced, as much as 
possible, with even numbers of pigs from each RFI line, sex, and littermates, and were 
randomly assigned the HELF or LEHF diet. Prior to data collection, a 1-wk acclimation 
period was given for pigs to adjust to feeders, feed, and contemporary groups. 
Performance data was collected in a similar manner as during selection experiment; BW 
was measured every other week and individual FI data were recorded electronically with 
FIRE equipment and edited in accordance with Cai et al. (2008) methodology. Pigs were 
taken off-test in 2 or 3 groups per replicate, depending on BW. At the end of this period, 
two ultrasonic 10th-rib images were captured, analyzed, and averaged to determine off-
test LMA and BF. Performance data included ADFI (kg/d), average daily ME intake 
(ADI_ME=ADFI*average formulated ME concentration in the diet, Mcal/d), ADG 
(kg/d), G:F (kg gain/kg feed), ME efficiency (G:F_ME=ADG/ADI_ME, g gain/Mcal), 
FCR (kg feed/kg gain), FCR on ME basis (FCR_ME=ADI_ME/ADG, Mcal/kg gain), 
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RFI (the residual of ADFI linear model described in Statistical Analyses, kg/d), RFI on a 
ME basis (RFI_ME=the residual of ADI_ME linear model described in Statistical 
Analyses, Mcal/d), LMA (cm2), and BF (mm). 
Line-by-Diet Digestibility. Pigs from G8 parity 2 of the line-by-diet study were 
utilized to evaluate apparent total tract digestibility (ATTD) of the HELF and LEHF diets 
fed to pigs divergently selected for RFI. In addition to the pigs described above for the 
line-by-diet performance study, additional contemporary pigs (n = 192) were put on-test 
in the same barn as line-by-diet performance pigs in 8 pens of 24 pigs with conventional 
5-space feeders (Smidley Mfg. Inc., Britt, IA). These pens were balanced for RFI line, 
sex, and littermates. Half of then pens were fed each diet (HELF or LEHF). 
All G8 parity 2 pigs (i.e. contemporary pigs plus previously mentioned line-by-
diet performance pigs) were fed diets (Table 3.1) in meal form with 0.5% titanium 
dioxide (TiO2) added as an indigestible marker during the first growth phase from ~40 to 
60 kg BW. In total, 116 (n = 36 line-by-diet, n = 80 contemporary pigs) randomly 
sampled pigs were utilized to evaluate the apparent total tract digestibility (ATTD) of the 
HELF and LEHF diets fed to pigs divergently selected for RFI. 
Feed samples from the first growth phase were collected from both HELF and 
LEHF diets prior to administration into the individual feeders. Fresh fecal grab samples 
were obtained from a total of 116 pigs when they weighed between ~40 and 60 kg BW 
and between 19 and 21 d after the initiation of diet treatments (Low RFI-HELF, n = 23; 
Low RFI-LEHF, n = 35; High RFI-HELF, n = 24; High RFI-LEHF, n = 34). All fecal and 
feed samples were stored at -20°C until further processing. Feed and fecal samples were 
dried at 70°C in a forced-air oven to constant weight in order to determine dry matter 
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(DM) and then ground through a 1-mm screen prior to further analyses. Feed and fecal 
samples were analyzed for gross energy (GE) using an isoperibol bomb calorimeter 
(Model 1282, Parr Instrument Company, Moline, IL) with benzoic acid used as a 
standard, nitrogen (N) using thermocombustion (VarioMax, Elementar Analysensysteme 
GmbH, Hanau, Germany), neutral detergent fiber (NDF) using filter-bag technology 
(Ankom2000, method # 8-ADF, method #9-NDF, Ankom Technology, Macedon, NY), 
and TiO2 by digesting the samples in sulfuric acid and hydrogen peroxide with 
subsequent absorbance measured using a ultraviolet spectrophotometer (Method 988.05; 
AOAC, 1978). Apparent total tract digestibility was determined indirectly by indigestible 




Line-by-Diet Performance. Linear mixed models were fit in SAS v. 9.4 (SAS 
Institute Inc., Cary, NC) utilizing the GLIMMIX procedure, using pen as the 
experimental unit and pig as the observational unit. Outliers were removed for each trait 
individually using the UNIVARIATE procedure in SAS for Studentized-residuals 
exceeding ±3 SD. Pigs that did not reach an off-test BW greater than 102 kg were also 
removed from the analysis. For all traits, fixed class effects of replicate, line, diet, sex, 
and line-by-diet interaction were fitted, along with random effects of sire, dam, and pen 
nested within replicate. An additional fixed covariate of on-test age was fitted for ADFI, 
ADI_ME, ADG, G:F, G:F_ME, FCR, and FCR_ME, as well as off-test BW for BF and 
LMA. Ultrasound technician within replicate was fit as an additional fixed effect of for 
2
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BF and LMA. To calculate RFI and RFI_ME, additional fixed covariates were fit for 
ADFI and ADI_ME of ADG, BF, on-test age, on-test BW, off-test BW, and metabolic 
BW (calculated as BW0.75), all deviated from the mean within each replicate. These 
covariates were fitted within diet because partial regression coefficients differed between 
diets (P < 0.1 for 5 out of 6 covariates), as expected based on the different composition of 
the diets. Significant (P < 0.1) interactions of fixed effects were retained in the model for 
each trait. Models for each trait are shown in Supplementary Tables 3.7 and 3.8. 
Line-by-Diet Digestibility. Utilizing the GLIMMIX procedure in SAS v. 9.4, 
linear mixed models were fit for each ATTD trait. Fixed effects included line, diet, sex, 
feeder type, on-test BW, line-by-diet interaction, and other significant (P < 0.1) 
interactions between fixed effects. Random effects included sire, dam, and pen. Outlier 
removal was performed as previously outlined. Models for traits are shown in 
Supplementary Table 3.9. 
Genetic Parameters and Responses to Selection. Phenotypic records (n = 
2,627) for ADG, ADFI, FCR, LMA, BF, and RFI from both the RFI selection (n = 1,978) 
and line-by-diet performance (n = 649) studies were utilized to estimate genetic 
parameters and to quantify direct and correlated responses to selection for RFI. Pigs were 
produced from 258 sires, 813 dams, and 1,138 litters. Phenotypic records from pigs fed 
the HELF (n = 2,310) or LEHF (n = 317) diet were analyzed for (in)direct and correlated 
response to single-trait selection on RFI when fed the HELF diet. 
After removal of outliers (as described previously) and animals with end of test 
BW less than 102 kg, bi-variate (for RFI) and tri-variate (for all other traits) animal 
models that treated phenotypes as separate traits for the HELF and LEHF diets were fit in 
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ASReml v.4 (Gilmour et al., 2015). For all tri-variate models, RFI* was included as the 
third trait to account for selection. Fixed class effects of line, sex, and pen-cohort were fit 
for all traits, along with random effects of litter and animal. On-test age was fit as a fixed 
covariate for ADFI, FCR, RFI, and ADG; and off-test BW was fit for BF and LMA. To 
calculate RFI, the additional fixed covariates were fit for ADFI, including on-test BW, 
metabolic BW, ADG within generation, and off-test BF. From the RFI model, the main 
effect of line, additive genetic component, and residual were summed to calculate RFI*. 
For all models, residual and litter co-variances were constrained to 0. The numerator 
relationship matrix was constructed from a pedigree containing 18,227 individuals. 
Models for each trait are shown in Supplementary Table 3.10. Responses to selection 
were quantified based on the average EBV of phenotyped individuals within line, 
generation, and diet plus the effect of line, and deviated from the average EBV of the 
base population, which was computed as the average EBV of all pigs in the pedigree (n = 
1,522) plus half of the line effect to account for approximately half of the base population 
being from each RFI line. Re-call that line was fit in all models as a fixed class effect, 
capturing part of the genetic component, which was why this effect must be added back 




The effects of line, diet, and their interaction on performance traits are shown in 
Table 3.2. 
For ADG, both line (P < 0.0001) and diet (P < 0.0001) were significant, but there 
was no significant line-by-diet interaction (P = 0.32). Averaged across lines, ADG was 
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significantly lower when pigs were fed the LEHF diet at 0.59 (± 0.01) kg/d compared to 
0.70 (± 0.01) kg/d for the HELF diet. Regardless of diet, the Low RFI line was slower 
growing at 0.62 (± 0.01) kg/d compared to 0.67 (± 0.01) kg/d for the High RFI line. 
For ADFI, line (P < 0.0001) and diet (P = 0.003) were significant, and there was 
no significant line-by-diet interaction (P = 0.45). Regardless of line, pigs fed the HELF 
diet consumed significantly less feed, 2.36 (± 0.03) kg/d, than the LEHF diet fed pigs, 
2.48 (± 0.03) kg/d. Regardless of diet, Low RFI line pigs consumed less feed, 2.27 (± 
0.03) kg/d, than High RFI line pigs, 2.57(± 0.03) kg/d. 
Considering ADFI on the basis of ME, ADI_ME, accounts for differences in ME 
content of the HELF and LEHF diets (3.32 vs. 2.87 Mcal/kg, respectively). This resulted 
in a significant line-by-diet interaction (P = 0.02) for ADI_ME that was not observed for 
ADFI on a weight basis. The Low RFI line consumed 1.01 Mcal/d less ME than the High 
RFI line when fed the HELF diet and 0.77 Mcal/d ME less when fed the LEHF diet (P = 
0.02). As a consequence, the reduction in ADI_ME when feeding the LEHF compared to 
the HELF diet was smaller for the Low RFI line (0.58 Mcal/d) than for the High RFI line 
(0.82 Mcal/d). 
A significant line-by-diet interaction was also observed for G:F (P < 0.0001). The 
Low RFI line fed the HELF diet had the highest feed efficiency compared to each of the 
other treatments (P < 0.05) and gained 0.309 kg BW/kg of feed consumed. High RFI line 
pigs fed the HELF were more efficient than pigs from either RFI line fed the LEHF diet 
(P < 0.05). On the LEHF diet, G:F was not significantly different between the RFI lines 
(P = 0.21), although, numerically, the Low RFI was more efficient than the High RFI line 
(0.241 vs. 0.236 kg BW gain/kg feed, respectively). Line differences (High minus Low 
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RFI) on the HELF diet (-0.023 kg BW gain/kg feed) were significantly (P < 0.0001) 
different from the line differences on the LEHF diet (-0.005 kg BW gain/kg feed). 
There was a significant line-by-diet interaction for G:F_ME (P < 0.0001). Similar 
to results for G:F, pigs from the Low RFI line fed the HELF diet had the highest 
efficiency, with an average gain of 93.12 g BW/Mcal of ME consumed (P < 0.05). For 
the HELF diet, the line difference (High minus Low RFI) was -6.80 g BW gain/Mcal, 
with the High RFI line having significantly less gain per unit energy consumed than the 
Low RFI line (P < 0.0001). For the LEHF diet, the line difference (High minus Low RFI) 
was smaller, -1.83 g BW gain/Mcal, which resulted in non-significant differences in ME 
efficiency between the RFI lines (P = 0.14). The line difference observed on the HELF 
diet (-6.80 g/Mcal) was significantly different from the line difference on the LEHF diet 
(-1.83 g/Mcal) and thus a line-by-diet interaction was observed (P < 0.0001). FCR and 
FCR_ME results reflected the similar differences in efficiencies between lines and diets 
as G:F and G:F_ME. 
Since RFI was computed within diet, using separate regression coefficients for 
growth and maintenance related covariates, estimates of effects and contrasts that include 
diet comparisons that are not interpretable. Thus, only within-diet comparisons will be 
considered. For both diets, there was a significant line difference for RFI, with the High 
RFI consuming 0.16 kg/d more than the Low RFI line after adjusting for expected growth 
and maintenance requirements (P < 0.0001). Thus, for both diets, the Low RFI line was 
more feed efficient compared to the High RFI line, when measured as RFI. 
When considering RFI on an energy basis, RFI_ME, similar results were 
observed as for RFI. The High RFI line consumed significantly more ME per day than 
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the Low RFI line at 0.54 Mcal/d for the HELF diet (P < 0.0001) and 0.45 Mcal/d for the 
LEHF diet (P < 0.0001). For both diets, the Low RFI line was more efficient than the 
High RFI line, when measured as RFI_ME. 
In general, off-test LMA was lower when the LEHF diet was fed for both RFI 
lines, and, within diet, LMA was not significantly different between the RFI lines. 
However, a significant 3-way interaction of line-by-diet-by-replicate was observed for 
LMA (P < 0.0001). Line-by-diet results are presented in Table 3.2 and line-by-diet-by-
replicate results are presented in Supplementary Fig. S1. Except for G8, feeding the 
LEHF diet decreased LMA (P < 0.01). On the LEHF diet, the Low RFI line had greater 
LMA than the High RFI line in G8 (P < 0.05); this pattern was also observed in G9 and 
G10, but these differences were not statistically significant (P > 0.05). On the HELF diet, 
line differences for LMA were more variable across replicates. Specifically, in G8, the 
High RFI line had significantly lower LMA than the Low RFI line fed the HELF diet (P 
< 0.05), whereas, in G9 and G10, the High RFI line had numerically higher LMA than 
the Low RFI line, but these differences were not statistically significant (P > 0.05). 
Across all replicates and diets, the Low RFI line had numerically lower BF depth 
at off-test, but this was not always statistically significant. Moreover, a significant line-
by-diet-by-replicate interaction was observed for BF (P = 0.03). Line-by-diet results are 
presented in Table 3.2, while line-by-diet-by-replicate results are presented in 
Supplementary Fig. 3.2. Across replicates, the trends for BF were similar for each line-
by-diet combination, but the magnitude of those trends varied, thus resulting in a 3-way 
interaction. Feeding the LEHF diet significantly reduced BF depth compared to the 
HELF diet (P < 0.01). In G8, the effect of the LEHF diet compared to the HELF diet, 
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across RFI lines, was the most pronounced (P < 0.0001). Lines had significantly different 
BF when fed the LEHF diet in G9 and G10 parity 2 (P < 0.05) but not in G8 and G10 
parity 1. For the HELF diet, the RFI lines were only significantly different in G8 (P < 
0.05), yet all generations had the same numerical pattern. 
Line-by-Diet Digestibility 
Results for ATTD traits are shown in Table 3.3. All ATTD coefficients had 
significant line-by-diet interactions (P < 0.10), with the exception of the ATTD of NDF 
(P = 0.24). Similar patterns of ATTD were observed between line-by-diet combinations 
for DM, GE, N and NDF. In general, pigs fed the HELF diet had higher digestibility 
coefficients than the LEHF fed pigs. Additionally, digestibility coefficients were not 
significantly different between the RFI lines when fed the HELF diet (P ≥ 0.27), 
although, numerically, the Low RFI line had greater digestibility coefficients than the 
High RFI line. When the LEHF diet was fed, the Low RFI line had significantly higher 
ATTD coefficient estimates than the High RFI line (P ≤ 0.04). 
For DM, a significant line-by-diet interaction (P = 0.03) was observed, since the 
High RFI line had a more severe decrease (-29.41%) in ATTD of DM from the HELF to 
the LEHF diet compared to the Low RFI line (-26.27%). 
For ATTD of GE, on the LEHF diet, the Low RFI line had a significantly higher 
digestibility than the High RFI (P = 0.001). There was a trend for a line-by-diet 
interaction (P = 0.06), which was driven by the decrease in ATTD of GE from the HELF 
to the LEHF in the High RFI line (-29.33%) compared to the Low RFI line (-26.42%). 
As observed for ATTD of DM and GE, the significant line-by-diet interaction (P 
= 0.004) for ATTD of N was the result of a larger decrease in digestibility for the High 
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RFI (-22.69%) than the Low RFI (-18.19%) line when switching from the HELF to the 
LEHF diet. 
As expected, the ATTD of NDF was lower than that of DM, GE or N. The effects 
of both line (P = 0.02) and diet (P < 0.0001) were significant, but the interaction was not 
significant (P = 0.24). Digestibility of NDF was significantly higher for the HELF diet, 
47.65%, than the LEHF diet, 17.73% (P < 0.0001). For the HELF diet, ATTD of NDF 
was similar for the RFI lines at ~48% (P = 0.81). However, the Low RFI line did have 
significantly higher digestibility than the High RFI line when fed the LEHF diet (P = 
0.04). A significant line-by-diet interaction was not observed for ATTD of NDF because 
differences in digestibility between the 2 diets were not significantly different for the 
Low and High RFI lines (-27.80% and -32.03%, respectively), as a result of the higher 
SE of the estimates than for the other ATTD traits. 
Genetic Parameters and Responses to Selection 
Genetic parameter estimates from the bi-variate animal model fit for RFI and the 
tri-variate models fit for all other traits are reported in Table 3.4. Heritability estimates 
for ADG, ADFI, FCR, LMA, BF, and RFI ranged from moderate to high across diets and 
traits. The selection trait, RFI, was estimated to be moderately heritable at 0.24 (± 0.05) 
for the HELF diet and 0.35 (± 0.17) for the LEHF diet. For the other traits, heritability 
estimates were similar between diets, except for BF. Common litter effects ranged from 0 
to 0.18, with SE ranging from 0 to 0.10. 
Within a trait, the phenotypic and genetic SD were similar between diets, with the 
largest differences observed for FCR. Across traits, the HELF diet usually had lower 
phenotypic and genetic SD than the LEHF diet; furthermore, the SE was larger for the 
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LEHF diet than the HELF diet. Phenotypic SD differences between HELF and LEHF diet 
were in part due to energy differences in the diets, although not completely. For example, 
the phenotypic SD for ADFI was 0.20 kg/d for the HELF diet, compared to 0.27 kg/d for 
the LEHF diet, but on an energy basis the phenotypic SD were more similar (0.66 and 
0.77 Mcal/d, respectively). 
Environmental and, therefore, phenotypic correlations could not be estimated 
between the 2 diets because no pig was fed both diets. For all traits, estimates of genetic 
correlations between diets were high and positive and ranged from 0.87 to 0.99, with SE 
ranging from 0.17 to 0.52. Genetic correlations between diets for ADG, LMA, and BF 
were high, with estimates greater than or equal to 0.95. Other traits had genetic 
correlation estimates further from 1, particularly RFI and ADFI, which had estimates 
between the diets of 0.87 ± 0.28 and 0.89 ± 0.17, respectively. Due to limited 
observations for the LEHF diet, the power to estimate genetic correlations between diets 
was low and the SE were large. Therefore, none of the genetic correlations were 
significantly different from 1. 
Figure 3.1 depicts estimates of responses to selection from G0 to 10 for pigs fed 
the HELF diet (left panel) and the LEHF diet (right panel), while Table 3.5 reports the 
line differences in average EBV (High minus Low RFI) for G8 through G10. Recall that 
selection for High RFI began in G5 and that pigs were only fed the LEHF diet in G8 
through 10. In Fig. 3.1 for the HELF diet, a general trend was observed of decreasing 
genetic means for traits in the Low RFI line as selection progressed, except for LMA, 
which had a positive response to selection. For the High RFI line, genetic means were 
positive from G6 onward for all traits, except for LMA, which had a mostly negative 
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response to selection. Consistent with these results, correlated responses to selection on 
the LEHF diet observed negative genetic means for the Low RFI line for all traits, except 
for LMA. For the LEHF diet, the High RFI line was estimated to have negative genetic 
means in G8 and 9 but they were positive by G10 for ADFI, RFI, and LMA, while ADG 
and BF had positive genetic means throughout. However, the negative genetic means of 
the High RFI fed the LEHF diet were greater than (i.e. closer to zero) those of the Low 
RFI line, which agreed with line differences expected based on the HELF results. By 
G10, the difference in the genetic means of the Low and High RFI lines for the selection 
trait, RFI, was 3.86 genetic SD for the HELF diet and 1.50 genetic SD for the correlated 
response to selection on the LEHF diet. For ADFI, line differences in G10 were 3.50 
genetic SD for the HELF and 2.32 genetic SD for the LEHF diet. In G10, all remaining 
traits, for both diets, had line differences lower than 2 genetic SD. When averaging G8 
through G10 (Table 3.5), smaller line differences were observed for the LEHF diet than 
for the HELF diet, in agreement with Fig. 3.1 results. Interestingly, line differences for 
ADI_ME, RFI, and RFI_ME when fed the LEHF diet were nearly half of the HELF line 




The objectives of this study were to investigate the effect of a lower-energy, 
higher-fiber diet on (1) production performance, (2) feed digestibility, (3) the genetic 
relationships, and (4) selection responses in pigs divergently selected for RFI when fed a 




In agreement with previous studies on the ISU RFI lines when fed standard corn 
and soybean-meal based diets (Cai et al., 2008; Bunter et al., 2010), the Low RFI line had 
reduced feed intake, lower growth, less BF, greater feed efficiency (i.e. lower RFI and 
greater G:F), and similar LMA compared to the High RFI line. In independent, but 
similar, divergent RFI lines from INRA in France, similar line differences were reported, 
although differences in ADG were smaller (Gilbert et al., 2017). The decreased growth 
rate observed in the ISU Low RFI line was less than expected given the large decrease in 
feed intake. These findings support that selection for RFI when feeding commercially, 
standard diets has been successful and that line differences on such diets were similar in 
this study to previous studies. 
Previous studies have been conducted to understand the effects of higher dietary 
fiber or higher energy diets on pig performance. High fiber diets, incorporating 35 and 
80% dehydrated alfalfa meal (respectively), have been reported to reduce growth, G:F, 
BF, and LMA, while reducing or not affecting feed intake (Varel et al., 1984; Pond et al., 
1988). Diets lower in energy concentrations, with energy contents ranging from 3.30 to 
3.48 ME Mcal/kg, 3.09 to 3.58 DE Mcal/kg, and 3.32 to 3.54 ME Mcal/kg tested 
(respectively), have been reported to have variable effects, but they have often been 
observed to result in reduced growth, energy intake, G:F, and BF; similar LMA; and 
increased feed intake (Apple et al., 2004; Beaulieu et al., 2009; Hinson et al., 2011). 
Baird et al. (1975) studied the interaction of crude fiber (2.09 vs. 8.87%) and energy 
(3.50 vs. 2.94 ME Mcal/kg), but did not observe a significant interaction between fiber 
and energy content. In the present study, the LEHF diet resulted in reduced ADG, energy 
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intake, G:F, G:F_ME, BF, LMA (in most replicates), and increased feed intake compared 
to the HELF diet. Interestingly, both RFI lines increased ADFI in order to compensate for 
the extreme reduction in energy provided by the LEHF diet, yet both lines failed to 
achieve the same energy intake as obtained when fed the HELF diet. In general, the 
results of this study align well with previous effects reported for high fiber diets on ADG, 
G:F, BF, and LMA, while changes in energy intake and feed intake observed in this study 
also agree well with previously observed effects of lower energy diets. However, 
analyzing the effect of diet alone is not appropriate for many traits in this study because 
line-by-diet interactions were observed. 
For the LEHF diet, the Low RFI line had reduced feed intake, energy intake, 
growth, and BF (numerically); similar LMA and feed efficiency based on G:F and 
G:F_ME; and increased feed efficiency based on RFI and RFI_ME compared to the High 
RFI line. The line differences were in the same direction but generally smaller for the 
LEHF diet than those observed for the HELF diet, particularly for G:F and G:F_ME. In a 
similar line-by-diet study carried out with the INRA RFI lines (Montagne et al., 2014), 
pigs were fed a lower-energy, higher-fiber diet (1.79 vs. 2.31 NE Mcal/kg and 31.14 vs. 
15.80% NDF than a control diet) that incorporated wheat bran, dehydrated sugar beet 
pulp, and soybean hulls to increase the dietary fiber content and reduce the NE. In the 
Montagne et al. (2014) study, the Low RFI line ate less (-0.04 kg/d), grew faster (0.29 
kg/d), and had greater G:F (0.13 kg gain/kg feed) compared to the High RFI line when 
fed a LEHF diet. These line differences were in the same direction, yet smaller than those 
observed for the INRA RFI lines fed a control diet, which agrees with the results 
observed in the current study. Both the ISU and INRA studies observed that the Low RFI 
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line continued to be more feed efficient and eat less than the High RFI line when given a 
lower-quality feed than was fed during selection. Differences observed in ISU and INRA 
RFI lines for growth response to lower-quality feeds were likely due to a combination of 
diet composition differences, genetic background, and age of pigs during the 
experiments. 
In the current study, line-by-diet interactions were observed for ADI_ME, G:F, 
and G:F_ME. Unlike the current study, Fix et al. (2010) did not observed a genetic by 
feeding program interaction for G:F at any stage of production when comparing 1980 
versus 2005 genetics and feeding programs (3.30 vs. 3.55 ME Mcal/kg average, 
respectively). A possible reason why an interaction was observed in the current study but 
not by Fix et al. (2010) may be because both feeding programs used by Fix et al. (2010) 
had higher energy contents than the LEHF diet fed in this present study, or because 
genetic lines from 1980 to 2005 were not selected solely for improved feed efficiency. 
Interestingly, the line-by-diet interaction was significant for ADFI on an energy 
basis but not on a weight basis. In order to confirm this interaction, models fitting 2 
additional pigs that differed after quality control between ADFI and ADI_ME were 
assessed, with no significance differences in results (data not shown). Models fitting 
heterogeneous variances for each diet were also tested for ADI_ME, but they gave a 
similar fit based on Akaike information criterion as the model utilized here (data not 
shown). The High RFI line increased its feed consumption by 4.5% on a weight basis 
when switching from the HELF to the LEHF diet but, due to the lower energy density of 
the LEHF diet, had a 9.8% decrease in energy intake. The Low RFI line was better able 
to accommodate the reduction in energy density provided by the diet and increased feed 
72 
consumption by 6.3% on a weight basis when switching from the HELF to the LEHF 
diet; although, this was not significantly different from the 4.5% increase in ADFI 
observed for the High RFI line (P = 0.45). However, this did result in a significantly 
smaller decrease in energy intake for the Low RFI line (-8.0%) than for the High RFI line 
(-9.8%). If one assumes that the RFI lines were eating to meet energy requirements for 
maximum growth potential when fed a non-limiting diet (i.e. the HELF diet), then it may 
stand to reason that when fed a limiting diet (i.e. the LEHF diet) the RFI lines were no 
longer able to consume enough feed to meet energy requirements for their maximum 
growth potential and they were, therefore, were eating to maximum gastrointestinal tract 
capacity (Patience, 2012). Based on this logic, the Low RFI line was able to meet a larger 
proportion of its energy requirements for maximum growth on the LEHF diet than the 
High RFI line (92.0 vs. 90.2%, respectively, based on ADI_ME results in Table 3.2). In 
addition, the Low RFI line was able to increase FI to a higher degree than the High RFI 
line when switching from the HELF to LEHF diet, which suggests the Low RFI was 
utilizing less of its maximum FI capacity when fed the HELF diet than the High RFI line. 
This suggests that selection for Low RFI resulted in lower energy requirements for the 
Low RFI line without altering the maximum feed intake capacity. Taking this one step 
further, the significant line-by-diet interactions observed for G:F and G:F_ME suggest 
that the Low RFI line had a greater decrease in these measures of feed efficiency than the 
High RFI line when comparing the HELF and LEHF diets. This resulted in more non-
significant differences in G:F and G:F_ME between RFI lines when fed the LEHF diet, 
although the Low RFI line remained numerically more efficient. If the Low RFI line was 
able to meet 1.8% more of its energy requirements for maximum growth on the LEHF 
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diet, this could biologically explain the slight advantage in G:F and G:F_ME that was 
observed for the Low RFI line compared to the High RFI line when fed the LEHF diet. 
Feeding a lower-quality diet negatively impacted most performance traits, such as 
reducing ADG and increasing ADFI. The observed differences between RFI lines when 
given the HELF diet were also observed when pigs were fed the LEHF, although they 
were smaller and not always statistically significant. These results suggest that not all 
genetic progress made when selection is performed while feeding high-quality diets will 
carry over if pigs are subsequently fed lower-quality feedstuff. It should be noted, 
however, that the LEHF diet used in this study was more extreme than typical diets that 
include co-products in the U.S., which suggests that the negative impacts of the LEHF 
diet observed in this study may be more extreme than expected from a typical co-product 
U.S. swine diet. In the end, responses in feed efficiency when selecting for RFI when 
feeding a high-quality diet resulted in some responses in feed efficiency when feeding a 
lower-quality diet but the responses for RFI and RFI_ME were reduced, and the full 
genetic potential was not realized for RFI. 
Line-by-Diet Digestibility 
Apparent total tract digestibility coefficients were greater for the HELF diet than 
the LEHF diet, which was expected based on the extreme increase in dietary fiber in the 
LEHF diet. Moore et al. (1988) found that higher-fiber diets (14.3 to 17.3% NDF) 
resulted in reduced ATTD of GE, DM, and N in growing pigs, which supports the 
findings of this study. In addition, the current study found the higher-fiber diet to have 
lower NDF digestibility. This is not surprising since the digestibility of dietary fiber has 
been found by many researchers to be lower and more variable than that of other 
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nutrients, such as starch (Jha and Berrocoso, 2015). In the previously mentioned INRA 
RFI line-by-diet study (Montagne et al., 2014), the high-fiber diet also had lower ATTD 
of GE, DM, and N, but had greater digestibility of NDF, which is opposite of the results 
presented here. This is possibly due to differences in the source of dietary fiber, which in 
the INRA high-fiber diet was primarily contributed by increased inclusion of wheat bran, 
dehydrated sugar beet pulp, and soybean hulls in comparison to the use of corn bran, 
wheat middlings, and soybean hulls in this study. In addition, standard European swine 
diets, such as those used in the INRA experiment, tend to have greater dietary fiber 
content compared to commercial U.S. diets, which corresponded to a smaller increase in 
fiber between the INRA control (i.e., the diet fed during INRA RFI selection) and the 
high-fiber diet compared to the diets used in the current study (97 vs. 194% NDF increase 
on a DM basis, respectively). 
In general, significant differences in ATTD of key nutrients and GE between the 
RFI lines were not observed when the HELF diet was fed, which fails to validate 
previous findings within the ISU RFI lines. Harris et al. (2012) found that when a corn 
and soybean-meal based diet was fed, Low RFI gilts had significantly greater ATTD of 
GE (+1.5%), DM (+1.4%), and N (+2.2%) compared to the High RFI line. Numerically, 
the Low RFI line also had higher GE, DM, and N digestibility in the current study 
(+0.89%, +0.80%, and +1.32%, respectively), but none of these increases were 
significant (P > 0.27). These differences in results could be due to differences in age and 
initial BW (~50 vs. 62 kg BW), housing (group-penned vs. individual metabolism crates), 
or sex differences (barrows and gilts vs. gilts only) between the current and the Harris et 
al. (2012) studies, respectively. In addition, the level of digestibility observed in the 
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current study for the HELF were lower for DM, GE, and N than those observed by Harris 
et al. (2012). On the LEHF diet, however, the Low RFI line did have significantly greater 
ATTD of GE (+3.8%), DM (+3.9%), N (+5.8%), and NDF (+4.9%) than the High RFI 
line, which were in the same direction with greater digestibility differences than those 
observed by Harris et al. (2012). 
In comparison to the INRA RFI lines, Barea et al. (2010) did not observe 
significantly greater ATTD for the Low RFI line of DM (-0.1%), N (+0.6%), and energy 
(+0.1%) compared to the High RFI line on a standard European diet (i.e., control diet). 
The levels of digestibility observed in the current study were lower than those observed 
by Barea et al. (2010). Further, Montagne et al. (2014) analyzed diet digestibility in the 
INRA RFI lines during their line-by-diet study and, in agreement with Barea et al. 
(2010), observed no significant ATTD differences between the INRA RFI lines fed the 
control diet (similar to HELF). Yet, Montagne et al. (2014) observed numerically lower 
digestibility coefficients of the control diet for the INRA Low RFI line compared to the 
INRA High RFI line for DM (-2.1%), N (-1.3%), and energy (-1.8%), which was 
opposite to the direction of numerical differences observed by Harris et al. (2012), Barea 
et al. (2010), and in the current study. Additionally, Montagne et al. (2014) observed that 
the INRA Low RFI pigs had reduced ATTD of NDF (-9.4%) compared to the INRA 
High RFI pigs, which is opposite to results observed in the current study (+0.68%). This 
could be due to different dietary fiber sources used to formulate the diets, housing 
(group-penned vs. individual metabolism crates), or sexes (barrows and gilts vs. barrows 
only), respectively. Montagne et al. (2014) did not observe significant differences in 
ATTD between the INRA RFI lines when a high-fiber diet was fed, except for ATTD of 
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NDF. Although, the opposite numerical trend from this study was observed by Montagne 
et al. (2014) in that the INRA Low RFI line had lower digestibility of GE (-0.9%), DM (-
1.0%), N (-0.1%), and NDF (-5.9%) compared to the High RFI line. Again, these 
differences may be due to differences in dietary fiber sources between the high-fiber diets 
fed in the current study and by Montagne et al. (2014). 
Overall, digestibility has been shown to play a major role (10%) in feed efficiency 
differences in beef cattle divergently selected for RFI (Herd and Arthur, 2009). Harris et 
al. (2012) suggested that nutrient and energy digestibility also plays a key role in 
different feed efficiencies between the ISU RFI lines. That conclusion has been partially 
validated here. Although, no statistically significant digestibility differences were 
observed between the RFI lines when given the HELF diet in the current study; the 
direction of the line differences observed in this study were in the same direction as those 
reported by Harris et al. (2012). In addition, the results of the current study suggest that 
the Low RFI line was better able to utilize nutrients from the LEHF diet than the High 
RFI line, at least in the early grow-finish phase. Noblet et al. (2013) suggested that 
genetic differences observed in energy digestibility of growing pigs was not dependent on 
BW or age, thus it is likely that the observed differences in the RFI lines in the early-
grow finish phase would persist throughout the finishing period. This provides additional 
evidence that selection for low RFI has resulted in favorable correlated responses to 
selection. A limitation to the digestibility coefficient estimates presented in this study was 
the inability to adjust for feed consumed on day of sample collection. Harris et al. (2012) 
reported that adjusting for ADFI did not alter line differences, and Montagne et al. (2014) 
reported that adjusting for the ADFI for the week of sample collection did affect 
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digestibility values, but that the effect of selection for RFI on ATTD of key nutrients and 
energy didn’t change regardless of accounting for ADFI or not. Therefore, if ATTD 
estimates could be adjusted for ADFI in this study, it is likely that similar results to those 
reported here would be found. In addition, this and previous studies conducted at ISU and 
INRA were limited to the early grow-finish phase. Thus, no studies have been conducted 
on digestibility differences in the later grow-finish phases of pigs divergently selected for 
RFI. 
Genetic Parameter Estimation and Responses to Selection 
To understand the genetic relationships of performance traits when diet is altered 
drastically, genetic parameters and responses to selection were estimated for the HELF 
and LEHF diets. Heritability estimates for production traits in this study were similar to 
those reported previously for the ISU (Cai et al., 2008; Bunter et al., 2010) and INRA 
RFI lines, although the heritability estimate for RFI in the INRA lines was lower at 0.13 
± 0.05 (Gilbert et al., 2017). Heritability estimates for the LEHF diet had larger SE due to 
smaller sample sizes compared to the HELF diet. For RFI, the heritability estimate was 
greater for the LEHF diet than for the HELF diet, although these differences were not 
significant as a result of the high SE of the estimates. The larger heritability estimate for 
the LEHF diet could also be due to confounding between the additive genetic and 
common litter effects (i.e. c2 was 0.09 for HELF and 0 for LEHF), particularly for the 
smaller LEHF data set. Similar, but larger, differences were observed for BF heritability 
estimates between diets; these differences were likely due to confounding between the 
additive genetic and common litter effects, which were twice as large for LEHF than for 
the HELF diet (0.18 vs. 0.07, respectively). 
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Genetic correlations for the same trait between diets were high and positive, in 
general. For LMA and ADG, similar heritability estimates, in addition to genetic 
correlations near 1, between the HELF and LEHF diets indicated that these traits were 
genetically the same regardless of the diet fed. For traits such as ADFI and RFI that had 
lower genetic correlation estimates between the diets, it was less clear if these traits 
should be considered genetically the same or different depending on the diet fed. Further 
work should be done to understand these correlations. 
Predicted direct and correlated responses to selection for divergent RFI when 
given the HELF diet were similar to those previously reported for the ISU RFI lines by 
Cai et al. (2008) and Bunter et al. (2010). Cai et al. (2008) reported that by G4 the 
average RFI EBV of the Low RFI line was more than 1.6 genetic SD lower than in G0, 
which is greater than the estimate for G4 in this study (-1.50 genetic SD). This is likely 
due to differences in samples of animals used in these studies. The line differences in G5 
estimated by Bunter et al. (2010) in trait units were similar to those estimated in this 
study for that same generation (data not shown), with all estimates differing less than 0.5 
genetic SD and less than 0.1 genetic SD for RFI. Any differences are likely due to 
differences in genetic SD estimates. 
The response to selection for RFI, in G10, was 3.86 genetic SD for the HELF diet 
and 1.50 genetic SD for the LEHF diet. The latter of which is 55% less than predicted 
based on the estimate of the genetic correlation (rg = 0.87) between the diets for RFI. For 
the LEHF diet, the High RFI line was estimated to have a negative genetic mean for some 
traits, compared to 0 in G0. This is likely due to use of all G0 pigs in the pedigree as a 
base population, which was an extrapolation for the High RFI line fed the LEHF diet 
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since no data for either group was available in G0. For the purpose of estimating line 
differences, this assumption is acceptable, and the results show that the High RFI line had 
greater genetic means than the Low RFI line when given the LEHF, with the exception of 
LMA. 
As expected, the average line difference in RFI increased from the G5 Bunter et 
al. (2010) estimate (0.09 kg/d), with the High RFI line having greater RFI (+0.21 kg/d) 
than the Low RFI line for G8 through G10 on the HELF diet (Table 3.5). For the HELF 
diet, line differences indicated that the High RFI line had a greater mean for all traits, 
except for LMA. This was also true for the LEHF diet, but line differences were lower 
than for the HELF diet, except for LMA and BF. This is of particular interest because the 
advantage of the Low RFI line in terms of lower RFI and RFI_ME over the High RFI line 
were nearly cut in half by the change from the HELF to LEHF diet, while, for FCR and 
FCR_ME, the advantage of the Low RFI line requiring less feed per unit of gain was 
reduced by more than half from the HELF to LEHF diet. 
All in all, genetic parameter estimates, direct and correlated responses to selection 
estimates, and line differences were similar to those previously reported for the ISU RFI 
lines. However, a genetic correlation lower than 0.9, lower correlated responses to 
selection for the LEHF diet than predicted, and a line difference for the LEHF diet that 
was half of the HELF diet line difference suggest that RFI may be a different genetic trait 
on the LEHF diet than on the HELF diet. Thus, if the breeding objective is to maximize 
genetic response for feed efficiency then, based on these results, it may be necessary to 
feed a diet very similar to the diet fed during selection or for breeders to select for feed 
efficiency while feeding a diet similar to those used in commercial production. 
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Conclusions and Implications 
The previous body of work reported with the ISU RFI lines has been generated 
when feeding HELF diets. The results of this study have shown that feeding lower-
energy, higher-fiber diets to pigs divergently selected for feed efficiency when fed a corn 
and soybean-meal based diet (i.e. higher in energy and lower in dietary fiber) decreased 
performance (ADG, G:F, G:F_ME, LMA, BF, and energy intake) and RFI line 
differences, while increasing feed consumption. In addition, feeding a lower-quality diet 
reduced the digestibility of GE, DM, N, and NDF, although the more feed efficiency pigs 
(i.e. Low RFI) had increased digestibility of these nutrients and energy compared to the 
less efficient pigs when given this diet. Feeding lower quality feedstuffs also reduced the 
responses to selection for performance traits. Thus, feeding lower-quality diets may 
reduce input costs up-front, but might not be economically beneficial in the long-term 
due to reduced growth rate, increased feed intake, and lower responses to selection for 
performance traits. 
At ISU, selection for increased feed efficiency, based on RFI, when given a high-
quality feed resulted in pigs that eat less (Cai et al., 2008; Bunter et al., 2010; Young et 
al., 2011), eat faster (Young et al., 2011), and tend to be leaner (Cai et al., 2008; Smith et 
al., 2011; Young et al., 2011; Arkfeld et al., 2015), with no evidence of negative impacts 
on meat quality (Cai et al., 2008; Smith et al., 2011; Arkfeld et al., 2015) or reproduction 
(Young et al., 2016). Collectively, these results suggest that selection for increased feed 
efficiency is primarily beneficial and has limited negative impacts. When switching from 
the diet fed during selection to an extremely lower-quality feed during the grow-finish 
phase, we observed that many of these advantages remained, albeit at a lower level, in the  
more feed efficient line (i.e. Low RFI) compared to their counterparts (i.e. High RFI), 
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suggesting pigs that are selected for increased efficiency based on RFI on a standard diet 
will perform better or the same as less feed efficient pigs when given a much lower 
quality diet. 
For swine producers to capitalize on the genetic gain made by breeding 
companies in terms of feed efficiency, it appears a similar diet to that fed during selection 
should be fed to pigs, but also that even with an extreme reduction in diet quality some of 
the selective advantage in RFI may be realized. With this in mind, extreme diet 
alterations are not suggested if maximal feed efficiency is the primary goal of a swine 
operation. On the other hand, breeding companies may want to alter the diet fed during 
selection to a diet more similar to that fed in commercial production in order to maximize 
the genetic gain achieved at the production level. Unfortunately, a wide range of diets are 
fed in commercial swine production and determining the best diet to feed during selection 
to maximize commercial production remains a challenge. However, the results of this 
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Figure 3.1 Direct and correlated responses to selection for divergent residual feed intake 
(RFI) while feeding a higher-energy, lower-fiber diet (HELF, left panel) and correlated 
responses to selection for RFI and component traits given a lower-energy, higher-fiber 
diet (LEHF, right panel). BF = off-test backfat depth; FCR = feed conversion ratio; LMA 





Table 3.1 Diet formulations (as-fed-basis) for grow-finish  
Table 3.1. Diet formulations (as-fed basis) for grow-finish1 
 Phase 1














Ingredients (%)         
Corn 73.83 36.39  80.18 42.34  82.42 44.59 
Soybean-meal, 46.5% CP 22.90 13.76  16.72 7.99  14.65 5.92 
Soybean hulls --- 20.00  --- 20.00  --- 20.00 
Corn bran --- 7.00  --- 7.00  --- 7.00 
Wheat middlings, <9.5% 





L-lysine HCl 0.25 0.25  0.25 0.25  0.25 0.25 
DL-methionine 0.04 0.03  0.01 0.01  --- 0.01 
L-threonine 0.07 0.07  0.05 0.06  0.05 0.05 
Monocalcium phosphate 1.14 0.83  1.06 0.71  0.97 0.62 
Limestone 0.98 0.86  0.93 0.83  0.85 0.76 
Salt 0.50 0.50  0.50 0.50  0.50 0.50 
Vitamin Premix7 0.15 0.15  0.15 0.15  0.15 0.15 
Trace Mineral Premix8 0.15 0.15  0.15 0.15  0.15 0.15 
         
Nutrients         
Calculated Composition         
DM, % 89.50 89.40  89.40 89.30  89.40 89.30 
DE, Mcal/kg  3.46 2.99  3.45 2.98  3.46 2.99 
ME, Mcal/kg 3.31 2.86  3.32 2.87  3.33 2.88 
NE, Mcal/kg 2.42 1.99  2.47 2.03  2.48 2.05 
CP, % 17.10 16.00  14.70 13.80  13.90 13.00 
ADF, % 3.50 12.50  3.30 12.30  3.20 12.20 
NDF, % 9.40 25.90  9.40 25.90  9.40 25.90 
Crude Fiber, % 2.70 10.60  2.60 10.50  2.50 10.40 
Crude Fat, % 3.60 3.50  3.60 3.50  3.70 3.50 
SID Lysine9, % 0.95 0.84  0.80 0.70  0.75 0.65 
SID Lysine9:ME, g/Mcal 





         
Analyzed Composition10         
DM, % 92.38 93.06  --- ---  90.63 91.60 
GE, Mcal/kg 3.74 3.76  --- ---  3.80 3.77 
CP, % 16.13 15.13  --- ---  12.86 11.91 
NDF, % 7.89 29.49  --- ---  7.75 29.32 
1 Diets in generation 9 and 10 had 1% corn replaced with oil on an as-fed basis 
2 Pigs of BW from 30 to 60 kg 
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Table 3.1 continued 
3 Pigs of BW from 60 to 90 kg 
4 Pigs of BW from 90 to 118 or greater kg 
5 HELF = Higher-energy, lower-fiber diet 
6 LEHF = Lower-energy, higher-fiber diet 
7 Provided per kg: 459,375 IU Vitamin A, 52,500 IU Vitamin D, 3,750 IU Vitamin E, 
225 mg Vitamin K, 825 mg Riboflavin, 4,200 mg niacin, 2,025 mg Pantothenic acid, 
3.75 mg VitaminB12. 
8 Provided per kg: 900 mg Copper, 21 mg Iodine, 12,000 mg of Iron, 675 mg 
Manganese, 22.5 mg Selenium, 12,000 mg Zinc. 
9 SID = standardized ileal digestible 






Table 3.2 Least square means (SE) of performance traits for the line-by -diet study  
Table 3.2. Least squares means (SE) of performance traits for the line-by-diet study 
 
n 
Low RFI  High RFI  P-values 
Trait1 HELF1 LEHF2  HELF1 LEHF2  Line Diet Line*Diet 
ADG, kg/d 640 0.68b (0.01) 0.56d (0.01)  0.72a (0.01) 0.62c (0.01)  < 0.0001 < 0.0001 0.32 
ADFI, kg/d 636 2.21d (0.04) 2.34c (0.04)  2.51b (0.04) 2.62a (0.04)  < 0.0001 0.003 0.45 
ADI_ME, 
Mcal/d 
638 7.32b (0.11) 6.74c (0.11)  8.33a (0.11) 7.51b (0.11) 
 
< 0.0001 < 0.0001 0.02 
G:F, kg gain/kg 
feed 
635 0.309a (0.004) 0.241c (0.004)  0.287b (0.004) 0.236c (0.004) 
 
< 0.0001 < 0.0001 < 0.0001 
G:F_ME, g 
gain/Mcal 
635 93.12a (1.32) 83.98b,c (1.34)  86.32b (1.34) 82.15c (1.35) 
 
0.0002 0.0001 < 0.0001 
FCR, kg feed/kg 
gain 
626 3.36c (0.08) 4.29a (0.08)  3.61b (0.08) 4.38a (0.08) 
 
0.0003 < 0.0001 0.003 
FCR_ME, kg 
gain/Mcal 
628 10.82c (0.18) 12.05a,b (0.19)  11.63b (0.19) 12.31a (0.19) 
 
0.0003 0.0001 0.001 
LMA, cm2 629 46.46a (0.57) 45.05b (0.58)  44.20b (0.59) 43.74b (0.59)  0.02 0.01 0.134 
BF, mm 634 21.41b (0.59) 17.93c (0.60)  24.24a (0.62) 20.87b (0.61)  0.004 < 0.0001 0.854 
RFI, kg/d 633 2.15b (0.03) --  2.31a (0.03) --  
< 0.0001 NA5 NA5 
  -- 2.53b (0.03)  -- 2.69a (0.03) 
RFI_ME, Mcal/d 635 7.13b (0.09) --  7.67a (0.10) --  
< 0.0001 NA5 NA5 
  -- 7.25b (0.10)  -- 7.70a (0.09) 
a-d Letters represent statistical differences between estimates within each row (P < 0.05) 
1 ADI_ME = average daily metabolizable energy intake, G:F_ME = gain to feed ratio on metabolizable energy basis, FCR = feed conversion 
ratio, FCR_ME = feed conversion ratio on metabolizable energy basis, LMA = off-test loin muscle area, BF = off-test backfat depth, RFI = 
residual feed intake, RFI_ME = residual feed intake on metabolizable energy basis 
2 HELF = Higher-energy, lower-fiber diet 
3 LEHF = Lower-energy, higher-fiber diet 
4 LMA and BF had significant (P < 0.05) line*diet*generation-parity interaction  




Table 3.3 Apparent total tract diges tib ility  least square means (SE) for the line-by -diet digestibi lity  study  
 
Table 3.3. Apparent total tract digestibility least squares means (SE) for the line-by-diet digestibility study 
 
n 
Low RFI  High RFI  P-values 
ATTD1, % HELF2 LEHF3  HELF2 LEHF3  Line Diet Line*Diet 
Dry Matter 116 85.74a (1.24) 59.47b (1.08)  84.94a (1.21) 55.53c (1.10)  0.04 < 0.0001 0.03 
Gross Energy 116 84.91a (1.32) 58.49b (1.15)  84.02a (1.29) 54.69c (1.17)  0.06 < 0.0001 0.06 
Nitrogen 116 80.13a (1.24) 61.94b (1.04)  78.81a (1.22) 56.12c (1.05)  0.002 < 0.0001 0.004 
Neutral Detergent Fiber 114 47.99a (2.75) 20.19b (2.19)  47.31a (2.67) 15.28c (2.28)  0.02 < 0.0001 0.24 
a-c Letters represent statistical differences between estimates within each trait (P < 0.05) 
1 ATTD = apparent total tract digestibility 
2 HELF = Higher-energy, lower-fiber diet 




Table 3.4 Genetic parameter estimates (SE) from bi- and tri-variate analy ses for performance traits for 2 diets 
Table 3.4. Genetic parameter estimates1 (SE) from bi- and tri-variate2 analyses for performance traits for 2 
diets 




ADG, kg/d HELF 0.39 (0.05) 0.03 (0.03) 0.09 (0.02) 0.05 (0.02) 
0.95 (0.17) 
LEHF 0.41 (0.13) 0.00 (0.00) 0.07 (0.02) 0.05 (0.03) 
ADFI, kg/d HELF 0.43 (0.05) 0.01 (0.02) 0.20 (0.04) 0.13 (0.05) 
0.89 (0.17) 
LEHF 0.41 (0.14) 0.00 (0.00) 0.27 (0.08) 0.17 (0.11) 
FCR, kg/kg HELF 0.31 (0.05) 0.04 (0.02) 0.26 (0.05) 0.14 (0.06) 
0.90 (0.31) 
LEHF 0.22 (0.13) 0.00 (0.00) 0.51 (0.16) 0.24 (0.19) 
LMA, cm2 HELF 0.51 (0.06) 0.07 (0.03) 4.63 (0.94) 3.30 (1.27) 
0.99 (0.23) 
LEHF 0.45 (0.21) 0.12 (0.10) 4.91 (1.64) 3.31 (2.42) 
BF, mm HELF 0.63 (0.06) 0.07 (0.03) 3.64 (0.77) 2.88 (1.04) 
0.95 (0.52) 
LEHF 0.19 (0.18) 0.18 (0.10) 3.90 (1.19) 1.69 (1.68) 
RFI, kg/d HELF 0.24 (0.05) 0.09 (0.03) 0.13 (0.02) 0.06 (0.03) 
0.87 (0.28) 
LEHF 0.35 (0.17) 0.00 (0.00) 0.22 (0.07) 0.13 (0.10) 
1 Genetic Parameters: h2=narrow-sense heritability, c2= common litter effect, rg= genetic correlation between 
the trait on the HELF and LEHF diets 
2 Tri-variate models fit for ADG, ADFI, FCR, LMA, and BF; Bi-variate model fit for RFI 
3 FCR = feed conversion ratio, LMA = off-test loin muscle area, BF = off-test backfat depth, RFI = residual 
feed intake 
4 HELF = Higher-energy, lower-fiber diet; LEHF = Lower-energy, higher-fiber diet 
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Table 3.5 RFI l ine differences (High RFI minus Low RFI) from phenotypic and genetic models for 2 diets  
 
Table 3.5. RFI line differences (High RFI minus Low RFI) from phenotypic and genetic 
models for 2 diets 
 HELF2  LEHF3 
Trait1 Phenotypic4 Genetic5  Phenotypic4 Genetic5 
ADG, kg/d 0.04 0.05  0.05 0.04 
ADFI, kg/d 0.31 0.33  0.28 0.22 
ADI_ME, Mcal/d 1.01 1.11  0.77 0.64 
G:F, kg gain/kg feed -0.023 --  -0.005 -- 
G:F_ME, g gain/Mcal -6.80 --  -1.83 -- 
FCR, kg feed/kg gain -- 0.23  -- 0.05 
FCR_ME, Mcal/kg gain -- 0.76  -- 0.15 
LMA, cm2 -2.27 -1.67  -1.31 -2.25 
BF, mm 2.82 2.50  2.93 3.01 
RFI, kg/d 0.16 0.21  0.16 0.12 
RFI_ME, Mcal/d 0.54 0.69  0.45 0.34 
1 ADI_ME = average daily metabolizable energy intake, G:F_ME = gain to feed ratio on 
metabolizable energy basis, FCR = feed conversion ratio, FCR_ME = feed conversion 
ratio on metabolizable energy basis, LMA = off-test loin muscle area, BF = off-test 
backfat depth, RFI = residual feed intake, RFI_ME = residual feed intake on 
metabolizable energy basis 
2 HELF = Higher-energy, lower-fiber diet 
3 LEHF = Lower-energy, higher-fiber diet 
4 Phenotypic results from line-by-diet performance analyses 
5 Genetic results from line-by-diet bi- and tri-variate, animal model analyses, averaged 
across G8 to G10 
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Suppleme ntary Table 3.6 Number of pigs and descrip tive stat ist ics of the l ine-by -diet study  
Supplementary Table 3.6. Number of pigs and descriptive statistics of the line-by-diet study 
Category Subcategory G8P23 G9P24 G10P15 G10P26 Total 
n  165 166 151 160 642 
Line1 
Low RFI 80 89 78 79 326 
High RFI 85 77 73 81 316 
Diet1 
HELF7 84 86 78 82 330 
LEHF8 81 80 73 78 312 
Sex1 
Barrow 77 88 76 77 324 
Gilt 88 78 75 83 318 
       
On and  
off-test 
parameters2 
On-age, d 89 (4) 107 (8) 98 (4) 114 (6) 102 (11) 
Off-age, d 239 (20) 227 (14) 237 (19) 227 (24) 232 (20) 
On-weight, kg 35.8 (4.8) 42.2 (7.2) 41.8 (5.4) 53.9 (6.2) 43.4 (8.9) 
Off-weight, kg 122.6 (7.7) 127.7 (8.8) 124.9 (8.5) 127.1 (9.4) 125.6 (8.8) 
1 Number of pigs per group 
2 On and off-test parameters given as raw means and standard deviations 
3 G8P2 = Generation 8 parity 2 
4 G9P2 = Generation 9 parity 2 
5 G10P1 = Generation 10 parity 1 
6 G10P2 = Generation 10 parity 2 
7 HELF = Higher-energy, lower-fiber diet 






Suppleme ntary Table 3.7 Models for line-by -diet performance traits 
Supplementary Table 3.7. Models for line-by-diet performance traits 


















































































































































ADG x x x x  x    x x x  x  x    x    
ADFI x x x x  x    x x x  x  x x x  x    
ADI_ME x x x x  x    x x x  x  x x x  x x   
G:F x x x x  x    x x x  x      x x  x 
G:F_ME x x x x  x    x x x  x      x x  x 
FCR x x x x  x    x x x  x     x x    
FCR_ME x x x x  x    x x x  x          
LMA x x x x   x x  x x x  x  x x x    x  
BF x x x x   x x  x x x  x x x x   x  x  
1 ADI_ME = average daily metabolizable energy intake, G:F_ME = gain to feed ratio on metabolizable energy basis, FCR = feed 
conversion ratio, FCR_ME = feed conversion ratio on metabolizable energy basis, LMA = off-test loin muscle area, BF = off-test 
backfat depth 






Suppleme ntary Table 3.8 Models for line-by -diet for RFI and RFI_ME performance traits 
 
Supplementary Table 3.8. Models for line-by-diet for RFI and RFI_ME performance traits 

















































































































































RFI x x x x  x x x x x x x x x x x x  x x x  x x  
RFI_M
E 
x x x x  x x x x x x x x x x x x  x x x  x x x 
1 RFI = residual feed intake, RFI_ME = residual feed intake on metabolizable energy basis 
2 Gen-par = Generation-parity combination 
3 ADG = average daily gain 
4 BF = Off-test backfat depth 
5 MMB = metabolic mid-body weight 
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Suppleme ntary Table 3.9 Models for line-by -diet digest ibi lity  traits  
Supplementary Table 3.9. Models for line-by-diet digestibility traits 























































































ATTD_DM x x x x  x  x x x  x x x x  
ATTD_GE x x x x  x  x x x  x x x x  
ATTD_N x x x x  x  x x x  x x    
ATTD_NDF x x x x  x  x x x  x x   x 
1 ATTD_DM = apparent total track digestibility of dry matter, ATTD_GE = apparent total track 
digestibility of gross energy, ATTD_N = apparent total track digestibility of nitrogen, 
ATTD_NDF = apparent total track digestibility of neutral detergent fiber 




Suppleme ntary Table 3.10 Models for line-by -diet bi- and tri-variate models 
Supplementary Table 3.10. Models for line-by-diet bi- and tri-variate models 






























































ADG x x x  x       x x 
ADFI x x x  x       x x 
FCR x x x  x       x x 
LMA x x x    x     x x 
BF x x x    x     x x 
RFI x x x  x x x x x x  x x 
RFI*4 x            x 
1 ADG = average daily gain, ADFI = average daily feed intake, FCR = feed 
conversation ratio, LMA = off-test loin muscle area, BF = off-test backfat depth, 
RFI = residual feed intake 
2 MMB = metabolic mid-body weight 
3 Gen = generation 
4 RFI* = line + EBV + residual from bi-variate RFI model and used to account for 






Supplementary Figure 3.2 Loin muscle area (LMA, top) and backfat depth (BF, bottom) least squares means (SE) by 
generation-parity (i.e. replicate) for the line-by-diet study. Letters represent statistical differences between estimates within 
each trait and generation-parity combination (P < 0.05). Symbols represent statistical differences between estimates within 
each trait and generation-parity combination not captured by letters (P < 0.05). HELF = Higher-energy, lower-fiber diet; LEHF 
= Lower-energy, higher-fiber diet; LMA = off-test loin muscle area; BF = off-test backfat depth; G8P2 = Generation 8 parity 




CHAPTER 4.    CORRELATED RESPONSES TO SELECTION FOR 
RESIDUAL FEED INTAKE ON NURSERY PIG GROWTH, FEED 
EFFICIENCY, AND JUVENILE INSULIN-LIKE GROWTH FACTOR I 
CONCENTRATION1 
A paper prepared for publication in Journal of Animal Science 
E.D. Mauch2, K.L. Bunter3,† A. Wolc2,4,‡, N.V.L. Serão2, and J.C.M. Dekkers2,5 
 
Abstract 
Residual feed intake (RFI) is a measure of feed efficiency that was used as the 
selection criterion for divergent selection in Yorkshire pigs for 11 generations (G). Data 
from these lines was used to assess the effect of selection for grow-finish RFI on growth, 
feed intake, and feed efficiency during the nursery phase, and on juvenile IGF-I 
concentration in blood as a potential biomarker for grow-finish feed efficiency. Utilizing 
ADFI and ADG of 86 nursery-aged litters from G10 of the RFI lines, litters from the 
more feed efficient (i.e. Low RFI) line had significantly lower ADFI (-20%), ADG (-
10%), and increased G:F (+12%) than their High RFI counterparts (P < 0.0001). The 
effect of RFI selection on juvenile IGF-I was evaluated using data from G0 to G10 on 
grow-finish RFI and performance traits (n = 2,308) and data on juvenile (33 to 45 d of 
age) IGF-I concentration in blood from 3,042 pigs, which were separated into early (IGF-
                                                 
1 This study was supported by USDA-NIFA grant No. 2011-6800430336. Primegro 
Australia is acknowledged for IGF-I testing. Gratitude is also expressed to past and 
present employees of the Iowa State University Lauren Christian Swine Research Center 
(Madrid, IA), along with past and present members of the Dekkers’ lab. 
2 Department of Animal Science, Iowa State University, Ames, Iowa, 50011 
3 Animal Genetics and Breeding Unit, University of New England, Armidale, New South 
Wales, Australia, 2350 
4 Hy-Line International, Dallas Center, Iowa, 50063 
5 Corresponding author: jdekkers@iastate.edu 
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IG2-G5; n = 2,554 from G2 to G5) and late generation IGF-I data (IGF-IG10-G11; n = 488 
from G10 and G11). Tri-variate animal models were fit, including IGF-IG2-G5 and IGF-
IG10-G11, along with each of the grow-finish performance traits, one at a time. Heritability 
estimates for IGF-IG2-G5 and IGF-IG10-G11 were moderate at 0.26 ± 0.06 and 0.42 ± 0.19. 
The genetic correlation between IGF-IG2-G5 and IGF-IG10-G11 was not accurately estimable 
because of a gap of 4 generations without IGF-I data. The heritability estimate for RFI 
was 0.26 ± 0.05. Genetic correlations of IGF-IG2-G5 and IGF-IG10-G11 with RFI were both 
positive at 0.54 ± 0.19 and 0.51 ± 0.48, respectively. Stronger genetic correlations were 
observed for IGF-I with G:F (-0.59 ± 0.21 for IGF-IG2-G5 and -0.65 ± 0.43 for IGF-IG10-
G11). Correlated response to selection showed that genetic means for IGF-I continued to 
diverge between the RFI lines from G5 to G11, with the difference being 41% greater in 
G11 compared to G5. Collectively, these results demonstrate that selection for feed 
efficiency in grow-finish pigs was accompanied by increases in feed efficiency in weaned 
nursery pigs, along with a correlated response in blood IGF-I concentration in nursery 
pigs. These results confirm that juvenile IGF-I can be used as an early indicator to select 
for feed efficiency in grow-finish pigs because juvenile IGF-I is moderately heritable, 
positively genetically correlated with feed efficiency recorded later in life, and relatively 
easy to measure. 
 
Introduction 
Single-trait selection for residual feed intake (RFI) has been used at Iowa State 
University (ISU) for 11 generations to create divergent lines of purebred Yorkshire pigs. 
An economically important measure of feed efficiency, RFI is defined as the difference 
between observed and predicted feed intake given growth, backfat, and maintenance 
100 
requirements (Koch et al., 1963). Selection for more (Low RFI) and less feed efficient 
(High RFI) pigs was conducted by measuring RFI during the grow-finish phase (~40 to 
118 kg BW). Due to the time and cost of recording feed intake, it is important to identify 
indicator traits to predict more feed efficient animals early in life. It has been previously 
shown in beef cattle (Johnston et al., 2002) and swine (Bunter et al., 2005) that insulin-
like growth factor I (IGF-I, a circulating polypeptide associated with postnatal growth) 
concentrations measured in the blood of juvenile animals is genetically positively 
correlated with subsequent feed efficiency. Previous research in the ISU RFI lines has 
shown that that IGF-I measured in juvenile pigs is genetically positively correlated with 
RFI in the grow-finish phase, with a genetic correlation (rg) of 0.63 ± 0.15, and with 
grow-finish feed conversion ratio (FCR), rg = 0.78 ± 0.14 (Bunter et al., 2010). Thus, 
IGF-I is a prime candidate as an early blood bio-marker for grow-finish feed efficiency in 
swine. The first objective of this study was to validate previous findings from the ISU 
RFI lines following an additional 5 generations of divergent selection for grow-finish 
RFI. The second objective was to evaluate the effect of 10 generations of selection for 
grow-finish RFI on feed efficiency and growth of nursery-aged (weaned) pigs, as little is 
known about the correlated response of selection for grow-finish RFI on performance in 
the nursery. 
 
Materials and Methods 
Experimental procedures for this study were approved by the Iowa State 
University Animal Care and Use Committee (IACUC #11-1-4996S). 
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RFI Selection Experiment 
Experimental Design. For 11 generations (G), selection for increased feed 
efficiency based on RFI has been performed in a line of purebred Yorkshire pigs (Cai et 
al., 2008; Bunter et al., 2010; Young et al., 2011; Young and Dekkers, 2012). In parallel, 
a randomly selected and mated control line was maintained for the first 4 generations 
and, thereafter, selected for increased RFI. In each generation and line, ~12 boars and 
~70 gilts from the first parity (except for G10 when parity 3 individuals were used) were 
selected as parents for the next generation, using RFI recorded on ~2 boars per litter from 
parity-1 sows. Gilts from parity-2 sows were used to collect additional RFI data.  
Selections were based on EBVs for RFI, within line. Inbreeding was limited by avoiding 
full- and half-sibling matings. 
Data Collection. During the grow-finish phase from ~40 to 115 kg BW or 
greater, individual feed intake was recorded continuously and BW was recorded every 
two weeks. Pigs were housed in 12 pens, each equipped with a single-space electronic 
FIRE feeder (Osborne Industries Inc., Osborne, KS) and 2 nipple-type waterers, which 
allowed for ad libitum access to feed and water. Pens housed 14 to 16 pigs and were 
balanced for selection line and also for sex, as necessary. Littermates were split across 
pens as much as possible. At off-test, 2 ultrasonic backfat depth (BF) and loin muscle 
area (LMA) measurements were collected using an Aloka 500V SSD ultrasound machine 
fitted with a 3.5 MHz, 12.5 cm, linear-array transducer (Corometrics Medical Systems 
Inc., Wallingford, CT), then averaged. Off-test occurred in up to 3 groups per generation-
parity when pigs reached 115 kg BW or greater, or when fewer than 3 pigs remained in a 
pen. Feed intake data was edited using methods developed by Casey et al. (2005) and 
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ADFI during the grow-finish period was calculated as an average of all daily feed intake 
records (Cai et al., 2008). Further details are in Cai et al. (2008), Bunter et al. (2010), and 
Young et al. (2011). Grow-finish performance data was available on 2,308 pigs from G0 
to G10, including ADFI (kg/d), ADG (kg/d), G:F, FCR, RFI (kg/d), LMA(cm2), and 
BF(mm). 
Statistical Analyses. Within each generation-parity, outliers were identified for 
each grow-finish performance trait (ADFI, ADG, G:F, FCR, RFI, LMA and BF) using 
the UNIVARIATE procedure in SAS v. 9.4 (SAS Institute Inc., Cary, NC). Within each 
generation-parity combination, phenotypes with Studentized-residuals exceeding ±3 SD 
were removed, along with pigs that did not reach an off-test BW of 102 kg. A detailed 
description of models fit is in Table 4.1 and in the Juvenile IGF-I Statistical Analyses 
section. 
Nursery growth and feed efficiency 
Animals. In two replicates, nursery-aged barrows and gilts from G10 parity-2 
sows (n = 394) and G10 parity-3 sows (n = 382) were group housed in 5 and 4 rooms, 
respectively, in the same nursery barn, each containing 14 pens equipped with 3-space 
conventional feeders and 1 nipple-type waterer. Piglets were group-penned by litter for 
recording pen or litter feed intake. The number of pigs per pen ranged from 3 to 13, with 
an average of 9 for both RFI lines. In total, records were obtained on 52 litters from the 
Low RFI line and on 34 litters from the High RFI line. Industry standard nursery diets 
were fed in 4 phases during the nursery period, with ad libitum access to feed and water. 
Data Collection. Pigs were on-tested at weaning, ~27 (± 3) d of age, when 
nursery-entry BW was recorded for each piglet. Pigs were off-tested when exiting the 
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nursery at ~68 (± 4) d of age, when a second BW measurement was recorded. Cross-
fostered pigs were not used in this study. These data were used to calculate individual 
ADG, which was then averaged per pen (i.e. litter). Feed intake was recorded by pen 
throughout the nursery period. Average daily gain and ADFI per pig were calculated for 
each pen and used to calculate pen G:F (G:F = ADG/ADFI). Pigs with missing BW 
measurements (n =3) were excluded from pen-based ADG calculations and pigs that died 
(n =10) during the study had BW and date at death recorded, which were used in pen-
based ADG calculation. For pen-based ADFI per pig, pigs that died during the test period 
were counted as a fraction of a pig equivalent to the proportion of days of the total for its 
pen the pig was alive (i.e. 22 d out of 39 was 0.56 of a pig). Descriptive statistics by 
generation-parity and line are in Table 4.2. 
Statistical Analyses. To estimate line differences in nursery performance traits, 
linear mixed models were fitted to the pen-based data for ADG, ADFI, and G:F, utilizing 
the MIXED procedure of SAS v. 9.4. For all traits, fixed class effects of line, replicate, 
and room nested within replicate (9 levels) were fit, along with the fixed covariate of age 
of the litter at weaning. Residuals were weighted by the number of pigs per pen. Outliers 
were removed as described previously. 
Juvenile IGF-I 
Animals. Blood samples were collected on juvenile boars, barrows, and gilts born 
in parities 1 and 2 of G2 through G4 and in parity 1 of G5 (n = 2,573). These samples 
were previously analyzed by Bunter et al. (2010) and will be referred to as IGF-IG2-G5. 
Additional blood samples were collected on juvenile boars, barrows, and gilts from G10 
parity 3 litters and from G11 parity 1 litters (IGF-I10-G11, n = 489). Pigs from G10 parity 
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3 had juvenile IGF-I data, along with nursery ADFI and ADG records; however, no 
grow-finish performance data was recorded on G10 and G11 pigs that had IGF-I data. 
Housing and management were as described previously. 
Data Collection. For IGF-I concentration (ng/mL) determination, the Primegro 
IGF assay (Primegro Australia, Australia) was used. Blood samples were collected when 
pigs were between 33 and 45 d of age (mean = 37.7 ± 2.1 d), then immediately 
transferred to blood cards, which were then air-dried then shipped or stored at -80˚C 
before analysis with IGF-I ELISA assay (Bunter et al., 2010). In early generations (G2 to 
G5), blood was collected by venipuncture of the eye using a glass capillary tube (Bunter 
et al., 2010). In G10, venipuncture of the marginal ear veins was performed with 20-
gauge needles after sterilization of the ear. In G11, jugular vein bleeding was conducted 
into serum red top tubes. 
Statistical Analyses. Within each generation-parity, outliers for IGF-I were 
removed (n = 20 total) as described previously for other traits, along with pigs (n = 7) 
that were bled at or before weaning. A square-root transformation was performed on IGF-
I concentrations to normalize the distribution of residuals, and results were back-
transformed following Jorgensen and Pedersen (1998). To estimate genetic parameters 
and correlations between IGF-I and grow-finish performance traits, animal models were 
fit in ASReml v.4 (Gilmour et al., 2015), with IGF-I collected in early (IGF-IG2-G5) and in 
later generations (IGF-IG10-G11) treated as separate traits to validate the early generation 
results from Bunter et al. (2010). For IGF-IG2-G5 and IGF-IG10-G11, RFI line, sex at 
bleeding, date-assay (a concatenation of bleed date, assay batch, and assay plate), age at 
bleeding (covariate), and interval between weaning and bleeding (covariate) were fitted 
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as fixed effects, along with random effects of litter and animal. For all grow-finish 
performance traits, fixed class effects of RFI line, sex during the grow-finish phase, and 
on-test contemporary group, along with random effects of litter, pen-cohort (i.e. pen 
within grow-finish on-test group), and animal were fitted. An additional fixed covariate 
of age at on-test was fitted for ADFI, ADG, and G:F, as well as a covariate of BW at off-
test for BF and LMA. For RFI, which was based on analysis of ADFI, additional fixed 
covariates of on-test BW, off-test BW, on-test age, ADG nested within generation, 
metabolic mid-BW (BW0.75), and off-test BF were fitted. Final models for each trait are 
presented in Table 4.1. 
Using the fixed and random effects described, tri-variate models were fit, with 
IGF-IG2-G5 and IGF-IG10-G11, along with one performance trait from the grow-finish phase. 
These models can be represented by:  1 2 3y = Χb + Z a + Z c + Z pc + e, where y is a vector 
of observations for the 3 traits; 2 3,  ,  ,  and 1Χ Z Z Z are incidence matrices for fixed and 
random animal, litter, and pen-cohort effects, respectively; and , , , ,  and b a c pc e  are 
vectors of fixed, additive genetic, common litter, pen-cohort, and residual effects, 
respectively. A bi-variate model was used to estimate the genetic correlation between 
IGF-IG2-G5 and IGF-IG10-G11. All residual and litter covariances were fixed to zero for all 
analyses because there was no overlapping data to estimate them, except for the 
covariance of IGF-IG2-G5 with each grow-finish performance trait. The numerator 
relationship matrix was constructed from a pedigree containing 19,072 pigs. Correlated 
responses for IGF-IG2-G5 and IGF-IG10-G11 to selection on RFI were calculated as the 
average EBV for all phenotyped pigs within line and generation, plus the line difference 
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estimated by the main effect of line, and deviated from the average EBV in G0 plus half 
of the line difference (assuming half of G0 pigs were from each RFI line). 
Predicted Response to Selection. The use of juvenile IGF-I as an indicator trait 
to select for grow-finish RFI was explored using deterministic models to predict response 
to selection, implemented in SelAction v.2.1 (Rutten and Bijma, 2002). The following 
strategies for improving grow-finish RFI were investigated, with specifics in Table 4.3: 
1) RFI recording on 2 males per litter and direct selection on EBV for grow-finish RFI, 2) 
juvenile IGF-I recording on 5 males and 5 females per litter and indirect selection for RFI 
through correlated data on juvenile IGF-I, and 3) two-stage selection, with stage 1 
selection (pre-selection) based on the RFI EBV derived from own and sibling phenotypes 
for juvenile IGF-I followed by RFI recording of pre-selected males and selection (stage 
2) on EBV for grow-finish RFI. For all strategies, a population structure similar to that 
described for the RFI selection experiment was used, with 12 out of 300 boars and 60 out 
of 300 gilts selected each generation (i.e. 4% males and 20% females selected), and 10 
pigs produced per litter (5 male and 5 female). For all strategies, RFI was the only trait in 
the breeding objective and genetic parameter estimates were as obtained in this study for 
RFI and IGF-IG2-G5. Family information (own phenotype, dam and sire BLUP EBVs, full-
sibling, and half-sibling records) was used for prediction of EBV, as appropriate. 
 
Results 
Nursery growth and feed efficiency 
Results for pen-based ADG, ADFI and G:F of nursery piglets are reported in 
Table 4.4. The Low RFI litters had 10% lower ADG and 20% lower ADFI than the High  
  
107 
RFI litters (P < 0.0001). This resulted in the Low RFI litters being 12% more feed 
efficient in the nursery than the High RFI litters in terms of G:F (P < 0.0001). 
Juvenile IGF-I 
Heritability, litter and pen-cohort estimates, and sample sizes from the tri-variate 
analyses are shown in Table 4.5. The estimate of heritability for RFI was moderate at 
0.26 ± 0.05. Early, IGF-IG2-G5, and IGF-IG10-G11 were also moderately heritable at 0.25 ± 
0.06 and 0.42 ± 0.19, respectively. Moderate to high heritability estimates were observed 
for ADFI, ADG, G:F, FCR, LMA, and BF. Common litter effects ranged from near zero 
for ADFI (0.02 ± 0.02) to almost 0.20 and 0.22 for IGF-IG2-G5 and IGF-IG10-G11, 
respectively. Pen-cohort effects were only fitted for traits collected during the grow-finish 
phase and accounted for 0 to 35% of phenotypic variance for BF and RFI, respectively. 
Early, IGF-IG2-G5, and IGF-IG10-G11 had similar phenotypic SD after back transformation 
(83.2 vs. 86.7 ng/mL). 
Estimates of genetic, phenotypic, and residual correlations of IGF-IG2-G5 and IGF-
IG10-G11 with grow-finish performance traits are in Table 4.6. The genetic correlation 
between IGF-IG2-G5 and IGF-IG10-G11 (not tabulated) was estimated to be 0.53 but with a 
very large SE because of the lack of phenotypic data for 4 generations between the IGF-
IG2-G5 and IGF-IG10-G11 data. Phenotypic and genetic correlations with IGF-IG2-G5 were in 
the same direction for each performance trait but the phenotypic correlations tended to be 
smaller. The phenotypic correlation between IGF-IG2-G5 and RFI was 0.11 ± 0.04. 
Phenotypic correlations of IGF-IG2-G5 with the other feed efficiency traits, G:F and FCR, 
were -0.20 ± 0.04 and 0.22 ± 0.04, respectively. Genetic correlations of IGF-IG2-G5 were 
0.54 ± 0.19 for RFI, -0.59 ± 0.21 for G:F, and 0.71 ± 0.16 for FCR. Residual correlations 
108 
of IGF-IG2-G5 with performance traits were near zero, ranging from -0.07 ± 0.06 for G:F 
to 0.14 ± 0.10 for BF. 
The genetic correlation of RFI with IGF-IG10-G11 was similar to that estimated for 
RFI with IGF-IG2-G5, at 0.51 ± 0.48. Genetic correlations of IGF-IG10-G11 with the other 
feed efficiency traits, G:F and FCR were -0.65 ± 0.43 and 0.66 ± 0.45. The genetic 
correlations of IGF-IG10-G11 with other performance traits were in the same direction but 
of differing magnitude to those estimated from IGF-IG2-G5, with the exception of ADG, 
which had a low positive genetic correlation with IGF-IG10-G11 (0.07 ± 0.56) but was 
negatively correlated with IGF-IG2-G5 (-0.35 ± 0.17). 
Correlated responses for IGF-IG2-G5 and IGF-IG10-G11 to selection on RFI are 
shown in Figure 4.1. Genetic means were only calculated for generations that had IGF-I 
records. Because of the poor estimate of the genetic correlation between IGF-IG2-G5 and 
IGF-IG10-G11, only line differences in IGF-I are relevant. Continued selection for RFI 
resulted in continued correlated responses for IGF-I, with a 41% increase in the 
difference between the Low and High RFI lines from G5 to G11 (42.44 vs. 59.83 ng/mL, 
respectively). 
Table 4.3 shows predicted responses in RFI from the three simulated selection 
strategies. Indirect selection for grow-finish RFI via selection on juvenile IGF-I (strategy 
2) alone, without obtaining phenotypes for RFI, resulted in 31% less response in RFI than 
direct selection on RFI (strategy 1). Pre-selection on juvenile IGF-I followed by selection 





Nursery growth and feed efficiency 
In order to understand the effect of divergent selection for RFI in the grow-finish 
phase on growth and feed efficiency in young (~4 to 10 wk old) pigs, pen feed intake and 
growth were measured in litters of the Low and High RFI lines. Based on previous 
parameter estimates from the grower-finisher phase, we hypothesized that the Low RFI 
pigs (i.e. more feed efficient in the grow-finish phase) would also have lower feed intake 
as nursery pigs, but grow at a similar rate as the High RFI pigs. This hypothesis was 
partially supported in that the Low RFI pigs ate 0.15 kg/d less than High RFI pigs, but 
they also grew 0.05 kg/d slower. Importantly, the contribution of reduced feed intake to 
increasing G:F was greater than the slightly slower growth, since the Low RFI pigs were 
also more feed efficient (0.08 kg gain/kg feed) than the High RFI pigs. Thus, the results 
of this study support the hypothesis that selection for Low RFI based of feed efficiency 
later in life also increases feed efficiency of nursery-aged pigs. 
In a similar divergent selection experiment for RFI in French Large White pigs, 
comparable results were observed (Muller et al., 2016). Specifically, the French Low RFI 
pigs had significantly (P < 0.01) lower ADFI (-65%) and ADG (-25%) during the post-
weaning period (weaned at ~4 wk old) than their High RFI counterparts. Interestingly, in 
the French RFI lines, the Low RFI line pigs had much lower ADG during the first week 
after weaning but similar growth as the High RFI line pigs in later weeks. Unfortunately, 
weekly feed intake and BW measurements were not collected in the current study. 
Juvenile IGF-I 
In order to validate previous findings from Bunter et al. (2010), using data from 
G2 to G5 of the ISU RFI lines, and assess the continued correlated response in juvenile 
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IGF-I to selection for RFI, relationships of IGF-I concentration with grow-finish 
performance traits were explored. The mean concentration of IGF-IG2-G5 in this study 
(Table 4.5) was slightly lower than reported by Bunter et al. (2010) for the same 
generations (230 vs 242 ng/ml), which is due to 16 fewer animals being retained in the 
current analysis, as well as the approximation introduced by the back-transformation of a 
non-linear function. Prior to transformation and outlier removal, the mean and SD of 
IGF-I were equal to the estimates reported by Bunter et al. (2010). The raw mean IGF-I 
concentration was lower in later than in early generations (Table 4.5). 
Heritability estimates were lower for IGF-IG2-G5 (0.25 ± 0.06) than for IGF-IG10-G11 
(0.42 ± 0.19), but they were not significantly different based on SE. The genetic 
correlation between IGF-IG2-G5 and IGF-IG10-G11 was 0.53, which suggests that IGF-IG2-G5 
and IGF-IG10-G11 are different genetic traits, but with a SE of 5.96 there is no confidence 
in the magnitude of this estimate. In general, genetic parameter estimates for IGF-IG2-G5 
were similar to those reported by Bunter et al. (2010), which included much of the same 
data analyzed in this study. Our estimate of heritability for IGF-IG2-G5 was slightly lower 
than that obtained by Bunter et al. (2010) (0.25 ± 0.06 vs. 0.28 ± 0.06), but this is likely 
because the common litter effect estimate was slightly higher in our analyses (0.20 ± 0.03 
vs. 0.18 ± 0.03), resulting from a repartitioning between the additive genetic and common 
litter effects. Heritability estimates for juvenile IGF-I were within the range (0.21 to 0.58) 
reported in other swine populations (Bunter et al., 2005). The estimate of the genetic 
correlation between IGF-IG2-G5 and RFI was positive (i.e. lower IGF-I concentrations 
were correlated with lower RFI or greater feed efficiency) but was lower than the 
estimate obtained by Bunter et al. (2010) (0.54 ± 0.19 vs. 0.63 ± 0.15). Genetic 
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correlation estimates with RFI were similar for IGF-IG2-G5 and IGF-IG10-G11, although 
IGF-IG10-G11 had a much higher SE because of fewer observations. Due to limited power, 
IGF-IG10-G11 genetic parameter estimates were also very similar to IGF-IG2-G5. Of 
particular interest, IGF-IG2-G5 and IGF-IG10-G11 were also favorably genetically correlated 
with other feed efficiency traits: 0.71 ± 0.16 vs. 0.66 ± 0.45 for G:F and -0.59 ± 0.21 vs. -
0.65 ± 0.43 for FCR. In addition, the genetic correlations of juvenile IGF-I with other 
economically important traits (i.e. BF and ADG) were consistent with previous findings 
in completely independent swine populations (Bunter et al., 2005). 
Correlated response in IGF-I to selection for RFI resulted in line differences (i.e. 
High minus Low RFI) of 42.44 and 59.83 ng/ml in G5 and G11, respectively. Bunter et 
al. (2010) observed a line difference of 46.99 ng/ml in G5, which is similar to the 
estimate in this study. Line differences in G10 and G11 were 66.17 and 59.83 ng/mL, 
respectively. Random selection and mating within RFI lines was used to produce G11 
offspring, which is likely the reason for the slight decrease in line differences from G10 
to G11. These results support the hypothesis that IGF-I continued to diverge with 
continued divergent selection for RFI. 
In an independent, but similarly selected, set of divergent RFI lines in Large 
White pigs at INRA, France, juvenile (35.3 ± 1.7 d) IGF-I concentrations were measured 
in G7 and G8 of the selection experiment (H. Gilbert et al., 2017). A smaller, but 
significant (P < 0.001), difference between the INRA High and Low RFI lines was 
obtained (35.4 ng/mL) compared to our results. Interestingly, Gilbert et al. (2017) also 
recorded post-weaning ADG (from weaning at ~28 d to approximately 1 wk after 
weaning) which, when accounted for as a covariate in the model for IGF-I, resulted in a 
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better fitting model and reduced the line difference in IGF-I by 49%. After accounting for 
post-weaning ADG the line difference was still significant (P < 0.001) (H. Gilbert et al., 
2017). Post-weaning growth was not recorded in our study. 
Predicted Response to Selection for RFI. The use of IGF-I as an indicator trait 
to select for RFI was explored using the SelAction software to model response to 
selection from direct selection for RFI (strategy 1), indirect selection for RFI using data 
solely on IGF-I (strategy 2), and two-stage selection with pre-selection on IGF-I followed 
by selection for RFI (strategy 3). We used our estimates of genetic parameters for IGF-
IG2-G5 in this analysis instead of IGF-IG10-G11 because of the lower SE for genetic 
parameter estimates and the ability to estimate the phenotypic correlation between RFI 
and IGF-I. In all scenarios, it was assumed that RFI was only measured on 2 males per 
litter and juvenile IGF-I was measured on all progeny, which reflects that IGF-I is a 
cheaper and comparatively easier phenotype to record than RFI. Responses to selection, 
per generation, for RFI for strategies 1 to 3 were 0.042, 0.029, and 0.046 kg/d (Table 
4.3), suggesting that indirect selection for RFI via selection for juvenile IGF-I would 
achieve 69% of the possible direct response to selection for RFI but at a substantially 
lower cost of phenotyping, while two-stage selection would achieve an additional 10% 
over direct selection for RFI. These findings suggest that selection can be achieved for 
improved feed efficiency in more than one way and that selection strategies that 
incorporate IGF-I can provide greater flexibility relative to direct measurement of RFI, 
but with a lower genetic gain per generation (i.e. strategy 2), or enhance direct selection 
for RFI (i.e. strategy 3). To achieve maximum response to selection, two-stage selection, 
with recording of juvenile IGF-I records to select the individuals in stage 1 that will have 
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direct RFI measured in the grow-finish phase (stage 2) would be recommended. This is, 
however, the most expensive scenario explored, as it requires both IGF-I and RFI 
phenotyping, but the 10% increase in genetic gain for RFI may be worth the expense. In 
addition, it may not be necessary to record IGF-I on all progeny per litter because Bunter 
(2001) showed that the accuracy of EBVs was not greatly improved by phenotyping more 
than 4 or 5 pigs per litter (Bunter, 2001). Extra responses from pre-selection on juvenile 
IGF-I in other measures of feed efficiency, i.e. G:F or FCR, are expected to be greater 
because of the higher genetic correlations of IGF-I with these traits. Response in RFI was 
explored here because it is relatively independent of other grow-finish traits (ADG and 
BF), which are traits that are readily recorded on all animals and, therefore, do not require 
juvenile IGF-I as an indicator trait for pre-selection. 
 
Conclusions and Implications 
Taken together, the results of this study and previous works provide supporting 
evidence that juvenile IGF-I is favorable genetically correlated with grow-finish feed 
efficiency, including RFI, G:F, and FCR, and that selection for feed efficiency based on 
RFI in grow-finish pigs also increases feed efficiency in nursery pigs. Thus, juvenile 
IGF-I concentration can be used as an early indicator for feed efficiency later in life. For 
breeders, IGF-I could be used for a first-stage of selection as a relatively inexpensive way 
to pre-select individuals for more extensive grow-finish phenotype recording. However, it 
is still recommended that direct selection for RFI or other feed efficiency traits be 




Bunter, K. 2001. Use of Juvenile IGF-1 in Breeding Programs. In: ABGU Pig Genetics 
Workshop. Vol. 1. Armidale, New South Wales, Austalia. p. 61–69. 
Bunter, K. L., W. Cai, D. J. Johnston, and J. C. M. Dekkers. 2010. Selection to reduce 
residual feed intake in pigs produces a correlated response in juvenile insulin-like growth 
factor-I concentration. J. Anim. Sci. 88:1973–1981. doi:10.2527/jas.2009-2445. 
Bunter, K. L., S. Hermesch, B. G. Luxford, H.-U. Graser, and R. E. Crump. 2005. 
Insulin-like growth factor-I measured in juvenile pigs is genetically correlated with 
economically important performance traits. Aust. J. Exp. Agric. 45:783–792. 
doi:10.1071/EA05048. 
Cai, W., D. S. Casey, and J. C. M. Dekkers. 2008. Selection response and genetic 
parameters for residual feed intake in Yorkshire swine. J. Anim. Sci. 86:287–298. 
doi:10.2527/jas.2007-0396. 
Casey, D. S., H. S. Stern, and J. C. M. Dekkers. 2005. Identification of errors and factors 
associated with errors in data from electronic swine feeders. J. Anim. Sci. 83:969–982. 
doi:/2005.835969x. 
Gilbert, H., I. Louveau, Y. Billon, and K. L. Bunter. 2017. Juvenile IGF-I response in 
INRA RFI selection lines partly reflects changes in post-weaning attributes. In: 22nd 
Association for the Advancement of Animal Breeding and Genetics. Townsville, 
Queensland, New Zealand. p. 1–4. 
Gilmour, A. R., B. J. Gogel, B. R. Cullis, S. J. Welham, and R. Thompson. 2015. 
ASReml User Guide Release 4.1 Functional Specification. 
Johnston, D. J., R. M. Herd, M. J. Kadel, H.-U. Graser, P. F. Arthur, and J. A. Archer. 
2002. Evidence of IGF-I as a genetic predictor of feed efficiency traits in beef cattle. In: 
7th World Congress on Genetics Applied to Livestock Production. Montpellier, France. 
p. 257–260. 
Jorgensen, E., and A. R. Pedersen. 1998. How to obtain those nasty standard errors from 
transformed data - and why they should not be used. 20. 
Koch, R. M., L. A. Swiger, D. Chambers, and K. E. Gregory. 1963. Efficiency of Feed 
Use in Beef Cattle. J. Anim. Sci. 22:486–494. doi:10.2527/jas1963.222486x. 
Muller, N., H. Gilbert, F. Robert, L. Roger, and L. Montagne. 2016. Dynamic response to 
weaning of two lines of pigs divergently selected for residual feed intake. 67th Annu. 
Meet. Eur. Fed. Anim. Sci. 
Rutten, J. M., and P. Bijma. 2002. SelAction. 
Young, J. M., W. Cai, and J. C. M. Dekkers. 2011. Effect of selection for residual feed 
intake on feeding behavior and daily feed intake patterns in Yorkshire swine. J. Anim. 
Sci. 89:639–647. doi:10.2527/jas.2010-2892. 
Young, J. M., and J. C. M. Dekkers. 2012. The genetic and biological basis of residual 
feed intake as a measure of feed efficiency. In: J. F. Patience, editor. Feed Efficiency in 





Figure 4.1 Correlated response to selection for insulin-like growth factor I (IGF-I) in 
early (G2 to G5) and late generations (G10 to G11) in response to direct selection for 
increased (Low) and decreased (High) residual feed intake (RFI) based on average EBV 
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Table 4.1. Parameters fitted in the models used for tri-variate analyses of IGF-I in generations 2 to 5 and in later generations, 10 and 11, and for 
grow-finish traits 



























































































IGF-IG2-G5 x x  x  x x        x  x 
IGF-IG10-G11 x x  x  x x        x  x 
RFI x x x     x x x x x x  x x x 
ADFI x x x     x       x x x 
ADG x x x     x       x x x 
G:F x x x     x       x x x 
FCR x x x     x       x x x 
LMA x x x       x     x x x 
BF x x x       x     x x x 
1 IGF-IG2-G5 = insulin-like growth factor I in early generations (G2 to G5), IGF-IG10-G11 = insulin-like growth factor I in later generations (G10 and 
G11), RFI = residual feed intake, FCR = feed conversation ratio, LMA = off-test loin muscle area, BF = off-test backfat depth 
2 Sex for IGF-IG2-G5 and IGF-IG10-G11 was sex at bleeding while sex for all other traits was sex during grow-finish phase
 
3 Date-assay = concatenation of bleed date, assay batch, and assay plate 
4 Age = age at bleeding 
5 INTWI = interval, in days, between weaning and bleeding 
6 MMB = metabolic mid-body weight 
7 Gen = generation 
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Table 4.2 Descript ive statistics for the nursery  growth and feed efficiency  study  by  RFI1 lines  
Table 4.2. Descriptive statistics for the nursery growth and feed efficiency study by RFI1 line 
Gen-Par2 Line n litters n pigs w-wt3 (SD) w-age4 (SD) off-wt5 (SD) 
G10-P2 
Low RFI 26 249 7.31 (1.66) 27 (3) 22.53 (3.74) 
High RFI 16 145 7.17 (1.41) 27 (3) 24.13 (4.37) 
G10-P3 
Low RFI 26 223 6.11 (1.88) 27 (2) 23.14 (4.13) 
High RFI 18 159 7.02 (1.26) 27 (2) 26.08 (3.76) 
1 RFI = residual feed intake 
2 Gen-Par = generation-parity combination 
3 w-wt = weaning weight in kg 
4 w-age = weaning age in days 
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Table 4.3. SelAction input parameters1 and predicted response per generation for three selection strategies2 for residual feed intake 
 Trait3  Strategy 14  Strategy 25  Strategy 36 
Selection Stage   --  --  Stage 1 Stage 2 
Male Selection 
Index7 
RFI  OP, BLUP, 1 FS, 8 HS  ---  BLUP OP, BLUP, 1 FS, 8 HS 
IGF-I  ---  OP, BLUP, 9 FS, 40 HS  OP, BLUP, 9 FS, 40 HS OP, BLUP, 9 FS, 40 HS 
Female 
Selection Index7 
RFI  BLUP, 2 FS, 8 HS  ---  BLUP BLUP, 2 FS, 8 HS 
IGF-I  ---  OP, BLUP, 9 FS, 40 HS  OP, BLUP, 9 FS, 40 HS OP, BLUP, 9 FS, 40 HS 
Response per 
Generation 
RFI  0.042  0.029  0.019 0.0468 
IGF-I  ---  31.58  19.35 27.718 
1 Phenotypic variance, heritability, and common litter effect variance ratio were 0.0169, 0.26, and 0.07 for RFI (kg/d), and 5923, 0.25, and 0.2 
for IGF-I (ng/mL). The phenotypic and genetic correlations between RFI and IGF-I were 0.11 and 0.54. 
2 For all selection strategies, discrete generations were modeled, with RFI as the only trait in the breeding objective. Litter size was 10 with half 
male and half female progeny, with 4% of males and 20% of females selected each generation. 
3 RFI = residual feed intake (kg/d), IGF-I = insulin-like growth factor I (ng/mL), based on parameters from early generations (G2 to G5) 
4 Strategy 1 modeled direct selection for grow-finish RFI, based on two males per litter recorded for RFI 
5 Strategy 2 modeled indirect selection for grow-finish RFI, based on indirect information from juvenile IGF-I records on all progeny 
6 Strategy 3 modeled two-stage selection, with stage 1 selection of 2 males per litter for RFI grow-finish phenotyping based on juvenile IGF-I 
and stage 2 selection based on grow-finish RFI 
7 OP = own performance record, BLUP = BLUP-based EBV for parents (including direct and correlated traits where applicable), FS = full-
sibling records, HS = half-siblings records 
8 Cumulative response per generation (i.e. stage 1 + stage 2) 
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 Table 4.4 Least squares means (SE) for pen-based growth and feed efficiency  in nursery  pigs by  RFI line  
 
Table 4.4. Least squares means (SE) for pen-based growth and feed efficiency in nursery 
pigs by RFI1 line 
Trait2 n litters Low RFI line  High RFI line  P-value 
ADG, kg/d 86 0.39 (0.01)  0.44 (0.01)  < 0.0001 
ADFI, kg/d 85 0.57 (0.01)  0.72 (0.01)  < 0.0001 
G:F, kg gain/kg feed 85 0.69 (0.01)  0.62 (0.01)  < 0.0001 
1 RFI = residual feed intake  





Table 4.5 Genetic parameter estimates1 for IGF-I in generations 2 to 5, IGF-I in generations 10 and 11, and for performance traits from tri-variate animal models 
Table 4.5. Genetic parameter estimates1 for IGF-I in generations 2 to 5, IGF-I in generations 10 and 11, and for 
performance traits from tri-variate animal models 
Trait2 n Mean (SD) h2 (SE) c2 (SE) pc2 (SE) Phenotypic SD 
IGF-IG2-G5
3, ng/mL 2,554 229.8 (107.2) 0.25 (0.06) 0.20 (0.03) ---- 76.96  
IGF-IG10-G11
3, ng/mL 488 219.9 (115.6) 0.42 (0.19) 0.22 (0.09) ---- 86.75 
RFI, kg/d 2,283 ---- 0.26 (0.05) 0.07 (0.03) 0.35 (0.05) 0.13 
ADFI, kg/d 2,283 2.01 (0.30) 0.43 (0.05) 0.02 (0.02) 0.16 (0.03) 0.19 
ADG, kg/d 2,303 0.73 (0.11) 0.37 (0.05) 0.04 (0.02) 0.03 (0.01) 0.08 
G:F, kg/kg 2,265 0.37 (0.05) 0.27 (0.05) 0.15 (0.03) 0.24 (0.04) 0.03 
FCR, kg/kg 2,255 2.77 (0.40) 0.28 (0.05) 0.14 (0.03) 0.23 (0.04) 0.24 
LMA, cm2 2,279 42.9 (5.4) 0.50 (0.06) 0.07 (0.03) 0.01 (0.01) 4.45 
BF, mm 2,307 17.1 (4.7) 0.57 (0.06) 0.10 (0.02) 0.00 (0.01) 3.43 
1 h2 = narrow-sense heritability, c2 = common litter effect variance ratio, pc2 = pen-cohort effect variance ratio, and 
phenotypic standard deviation, computed based on the sum of genetic, litter, and residual effects 
2 IGF-IG2-G5 = insulin-like growth factor I in early generations (G2 to G5), IGF-IG10-G11 = insulin-like growth factor I in 
later generations (G10 and G11), RFI = residual feed intake, FCR = feed conversion ratio, LMA = off-test loin muscle 
area, BF = off-test backfat depth 
3 IGF-I concentrations were square-root transformed for analysis with RFI and results were back-transformed from the 




Table 4.5 Es timates of phenotypic and genetic correlations1 and  standard errors from tri-variate analy ses of square-root transformed IGF-I in generations 2 to 5  and in generations 10 and 11 with  grow-finish  performance traits 
Table 4.6. Estimates of phenotypic and genetic correlations1 and standard errors from tri-
variate analyses of square-root transformed IGF-I in generations 2 to 5 and in generations 10 
and 11 with grow-finish performance traits  
 IGF-IG2-G52  IGF-IG10-G113 
Trait4 rp (SE) rg (SE) re (SE)  rp (SE) rg (SE) re (SE) 
RFI 0.11 (0.04) 0.54 (0.19) -0.05 (0.07)  ---- 0.51 (0.48) ---- 
ADFI 0.13 (0.04) 0.16 (0.19) 0.11 (0.07)  ---- 0.69 (0.35) ---- 
ADG -0.07 (0.04) -0.35 (0.17) 0.09 (0.08)  ---- 0.07 (0.56) ---- 
G:F -0.20 (0.04) -0.59 (0.21) -0.07 (0.06)  ---- -0.65 (0.43) ---- 
FCR 0.22 (0.04) 0.71 (0.16) 0.00 (0.07)  ---- 0.66 (0.45) ---- 
LMA -0.18 (0.04) -0.38 (0.15) 0.09 (0.09)  ---- -0.17 (0.87) ---- 
BF 0.19 (0.05) 0.31 (0.16) 0.14 (0.10)  ---- 0.57 (1.48) ---- 
1 rp = phenotypic correlation, rg = additive genetic correlation, re = residual correlation 
2 IGF-IG2-G5 = insulin-like growth factor I in early generations (G2 to G5) 
3 IGF-IG10-G11 = insulin-like growth factor I in later generations (G10 and G11) 
4 Performance traits measured in the grow-finish phase. RFI = residual feed intake, FCR = 
feed conversion ratio, LMA = off-test loin muscle area, BF = off-test backfat depth 
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CHAPTER 5.    GENOME WIDE ASSOCIATION AND GENOMIC 
PREDICTION IN LINES OF PIGS DIVERGENTLY SELECTED FOR 
RESIDUAL FEED INTAKE AND FED DIETS DIFFERING IN ENERGY AND 
FIBER1,2 
Manuscript in preparation for publication in Journal of Animal Science 
 
Abstract 
For 10 generations, divergent selection for increased and decreased feed 
efficiency, measured as residual feed intake (RFI), was performed in two lines of 
Yorkshire pigs. RFI is defined as the difference between observed and expected feed 
intake based on production and maintenance requirements. Pigs were selected when fed a 
higher-energy, lower-fiber diet (HELF). A sub-set of pigs in G8 to G10 were fed a diet 
much lower in energy and higher in fiber (LEHF). The objectives of this study were to 
investigate genomic regions associated with RFI and component traits, including 
genotype by diet interactions, and assess the predictive accuracy of genomic prediction 
when training on pigs fed one diet and validating on pigs fed the other. Genomic regions 
associated with RFI were on Sus scrofa chromosome (SSC) 1, 2, 6, 10, 14, and 16 for 
RFI from three analyses including pigs fed a high-energy, lower-fiber (HELF), lower-
energy, higher-fiber (LEHF), and pigs fed either HELF or LEHF (referred to as COMB) 
                                                 
1 Co-authors: N.V.L Serão3 and J.C.M. Dekkers3 
2 Iowa State University research was supported by a USDA-NIFA grant (No. 2011-
6800430336). Gratitude is expressed to past and present employees of the Iowa State 
University Lauren Christian Swine Research Center (Madrid, IA), along with past and 
present members of the Dekkers’ lab. Paul Stothard (University of Alberta) is thanked 
and credited with creating the SSC genome build 11 map for the Affymetrix Axiom HD 
panel, and Yann Labrune and Patrice Dehais (Institut National de la Recherche 
Agronomique) for genome build 11 map for Illumina PorcineSNP60 Beadchip. 
3 Department of Animal Science, Iowa State University, Ames, Iowa, 50011 
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diet. The largest association for RFI was located near the IGF2 (insulin like growth factor 
2) gene on SSC 2, which is involved in growth and muscle mass, accounted for 1.4% and 
3% of the genetic variation for HELF and COMB analyses. The IGF2 region and the 
MC4R (melanocortin-4 receptor) region were associated with multiple traits, suggesting 
these regions have pleiotropic effects on RFI and component traits. Genomic prediction 
across diets had moderate accuracy (0.36 to 0.48), indicating genomic selection across 
diets would be possible. In conclusion, RFI is a highly polygenic trait with many genomic 
regions contributing small effects, including the candidate gene IGF2. Also, genomic 
selection could be implemented to select for improved feed efficiency with moderate 
accuracy when predicting between diets. 
 
Introduction 
Residual feed intake (RFI), a measure of feed efficiency, is the difference 
between observed and expected feed intake based on production and maintenance 
requirements. This economically important trait to the swine industry is costly and time 
consuming to record because specialized single-space electronic feeders are required to 
capture individual feed intake. An approach to achieve improvement in feed efficiency 
without the need of extensive phenotyping is to use genomic or marker assisted selection, 
where a predictive model is trained on a reference population to predict the genomic 
based estimated breeding values (GEBV) for individuals that are genotyped for genetic 
markers but have no phenotypic records. For this reason, identifying genomic regions 
associated with RFI is of interest. 
For 10 generations (G), divergent selection for increased (Low RFI) and 
decreased (High RFI) feed efficiency, measured as RFI, has been performed in two lines 
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Yorkshire pigs at Iowa State University (Cai et al., 2008; Young and Dekkers, 2012). 
Due to high feed prices, co-products, typically lower in energy and higher in fiber 
content, have been incorporated into swine diets. With this in mind, a sub-set of pigs 
from G8 through G10 were fed a lower-energy, higher-fiber (LEHF) diet compared to 
the diet fed during selection, which was higher in energy and lower in fiber (HELF). In 
Chapter 3, evidence of line-by-diet interactions was found for RFI and other feed 
efficiency traits. The impact of genotype-by-diet interactions needs to be further 
investigated, particularly before implementing genomic selection programs. 
Thus, the first objective of this study was to identify genomic regions associated 
with RFI and component traits and identify genomic regions that have a different effect 
when fed the HELF versus LEHF diets. The second objective of this study was to assess 
the accuracy of genomic prediction accuracy when training on data from pigs fed one diet 
and validating on data from pigs fed the other diet. 
 
Materials and Methods 
Experimental procedures for ISU research were approved by the Iowa State 
University Animal Care and Use Committee (IACUC #11-1-4996S). 
ISU RFI Lines 
Experimental Design. Divergent selection for increased (Low RFI) and 
decreased (High RFI) RFI has been performed in Yorkshires pigs over 10 generations 
(G) (Cai et al., 2008; Young and Dekkers, 2012). Each RFI line (Low versus High) was 
maintained with ~12 boars and ~70 gilts selected per generation based on EBVs for RFI. 
From G0 to G4, the High RFI line was maintained as a randomly mated control line with 
~10 boars and ~30 gilts selected each generation. Inbreeding was limited by avoiding of 
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full- and half-sibling matings and selection of full-sibling boars. During selection, pigs 
were fed a corn and soybean-meal based diet that met or exceeded NRC (1998) 
requirements. 
Phenotypes. Grow-finish phenotypes were collected in order to assess direct and 
correlated responses to selection for RFI. Phenotypic records were recorded from ~40 to 
115 kg BW or greater on ~90 boars per line from parity one litters (~2 boars per litter) 
and on ~90 gilts per line from parity two litters. Individual feed intake was recorded 
throughout the test period with single-space electronic feeders (FIRE, Osborne Industries 
Inc., Osborne, KS), and BW was recorded at least every two weeks. At the end of the test 
period, two ultrasonic images were captured with Aloka 500V SSD ultrasound machine 
(Corometrics Medical Systems Inc., Wallingford, CT) and were averaged for 10th rib 
backfat thickness (BF) and loin muscle area (LMA). Phenotypes routinely collected or 
calculated included ADFI (kg/d), ADG (kg/d), G:F (kg gain/kg feed), feed conversation 
ratio (FCR = ADFI/ADG, kg feed/kg gain), LMA (cm2), BF (mm), and RFI (kg/d). 
Barrows and gilts (n = 649) from G8 parity 2, G9 parity 2, and G10 parity 1 and 2 
were fed one of two diets (Chapter 3). One diet was similar to that fed during selection, 
as it was corn and soybean-meal based and had higher-energy and lower-fiber content 
(HELF), while the other diet was lower in energy and higher in fiber (LEHF). For the 
LEHF diet, ~45% of the corn and soybean-meal were replaced by co-products (corn barn, 
wheat middlings, and soybean hulls) to achieve lower energy and greater fiber contents. 
Altogether, phenotypic records were available on 2,308 pigs fed the HELF diet from G0 
to G10 and on 317 pigs fed the LEHF from G8 to G10. Outlier removal was performed 
using the PROC UNIVARIATE procedure in SAS v. 9.4 (SAS Institute Inc., Cary, NC) 
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by removing phenotypic records with Studentized-residuals exceeding ±3 SD within each 
diet and generation-parity combination. Models that fitted the fixed effects of line, sex, 
on-test group, a covariate (on-age for ADFI, ADG, FCR, and RFI and off-test BW for BF 
and LMA), and interactions, along with random effects of litter, pen within on-test group 
and sire within each diet-generation-parity combination were used for outlier removal. 
Genotypes. A total of 3,381 pigs from the ISU RFI lines were genotyped with a 
medium density (n = 64,236 single nucleotide polymorphisms [SNP]) Illumina Porcine60 
Beadchip panel from three versions (custom, v1, and v2). In addition, 191 pigs, including 
but not limited to sires with high levels of genetic contributions to the population, were 
genotyped on a higher density panel (n = 658,693 SNPs), the Affymetrix 
Axiom_PigHDv1 genotypic array. A total of 138 pigs were genotyped on both panels. 
Quality control of genotype data was performed within each SNP panel, where pigs that 
had missing genotype calls for more than 90% of SNPs were removed, followed by 
removal of SNPs for which less than 95% of pigs had genotype calls or that had a minor 
allele frequency (MAF) less than 5%. After applying these thresholds, 3,375 pigs with 
51,041 SNPs remained for the medium density genotypes and 191 pigs with 507,888 
SNPs remained for the high density panel. Of these SNPs, 32,444 had matching reference 
cluster IDs (i.e. “rs” ID), as accessed from SNPchiMp v.3 
(http://bioinformatics.tecnoparco.org/SNPchimp/index.php/download/download-pig-
data). The genotype error rate was assessed using the 138 pigs that were genotyped on 
both panels and was less than 1% for SNPs present on both panels. Based on this, 1,067 
SNPs that had error rates greater than 20% were removed. Finally, for 5,989 pairs of 
SNPs on the two panels that had different reference cluster IDs or SNP names but that 
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mapped to the same location, the Affymetrix SNP was retained. In the end, genotypes on 
3,428 pigs and on 519,429 unique SNPs from either panel remained and were used for 
imputation. Missing genotypes were imputed using family and population information 
with the FImpute v. 2.2 software (Sargolzaei et al., 2014), resulting in all pigs having 
genotypes for all 519,429 SNPs. Default settings were used, except for individuals (n = 8) 
with progeny to parent mismatches greater than 5% in which case parents were set to 
missing prior to imputation (i.e. only population information was utilized). 
Genome Wide Association Study 
A genome wide association study (GWAS) was conducted using GenSel v. 4.73R 
(Fernando and Garrick, 2008) to identify associations of SNP genotypes with phenotypes. 
Using only individuals that had both genotype and phenotype records, three separate 
GWAS analyses were performed: 1) pigs fed the HELF diet (n = 1,945), 2) pigs fed the 
LEHF diet (n = 310) and 3) pigs fed either the HELF or LEHF diet (COMB, n = 2,255). 
Bayesian GWAS models BayesB and BayesC (Meuwissen et al., 2001; Habier et al., 
2011) were fitted. For each phenotypic trait (ADG, ADFI, FCR, LMA, BF, and RFI), the 
model included fixed class effects of generation-parity combination, RFI line, sex, and 
pen-cohort (pen within on-test group). Additional fixed covariates were fitted as 
appropriate (Table 5.1). For the third analysis, which included pigs fed either diet, an 
interaction with diet was fitted for each SNP, in addition to the main effect of each SNP, 
to identify any SNPs that have a different effect on the trait depending on the diet fed. In 
GenSel, SNPs are simultaneously fit as random effects and the general model can be 
represented as (Habier et al., 2011):  
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y = vector of phenotypic observations, n x 1 
X = incidence matrix relating fixed factors to phenotypes, n x p 
b = vector of fixed factors, p x 1 
𝐾= the number of SNPs 
𝒛𝒌 = vector of the genotype covariates for SNP 𝑘 (coded 0/1/2 by GenSel), n x 1 
𝛼𝑘= the additive genetic effect for SNP 𝑘 
𝛿𝑘 = indicator for whether SNP 𝑘 was included (𝛿𝑘 = 1) or excluded (𝛿𝑘 = 0) in the 
model for a given iteration of the Monte Carlo Markov Chain 
𝜺 = vector of residual effects, n x 1 
In BayesB and BayesC, it is a priori assumed that a proportion ( of SNPs have zero effect 
on the trait. For each analysis, genetic and residual variances were estimated by running 
BayesC with π = 0, where all SNPs were fitted in the model and a non-locus specific 
variance was assumed for each SNP (Habier et al., 2011). Using these genetic and residual 
variance estimates, BayesB and BayesC were fitted, with π was set equal to 1 minus the 
number of observations divided by the number of SNP covariates fitted, resulting in π = 
0.9963, 0.9994, and 0.9979 for analyses of the HELF, LEHF, and COMB data sets, 
respectively. For each analysis, 45,000 iterations of Monte Carlo Markov Chain were 
performed, with the first 5,000 chains discarded. 
Candidate genes with the most biological relevance were identified for the top 
windows for each analysis and trait by extracting a list of genes from NCBI 
(https://www.ncbi.nlm.nih.gov/) that were located within ±2 Mega bases (Mb) of the SNP 
with the highest SNP effect in the window (i.e. the lead SNP). The same 4 Mb regions were 





Genomic prediction was performed using GenSel v. 4.73R (Fernando and 
Garrick, 2008) based on estimates of additive SNP effects from BayesC with π = 0 
(Bayesian equivalent of GBLUP), BayesB, or BayesC, to estimate the accuracy of 
prediction from one diet to the other. Two genomic prediction scenarios were tested. The 
first estimated SNP effects from a reference population consisting of the 1,945 pigs fed 
the HELF diet and validated the resulting predictions on phenotypes from the 310 pigs 
fed the HELF diet. The second scenario trained the prediction model on a reference 
population consisting of the data on the 310 pigs fed the LEHF diet and validated on data 
from 474 pigs fed the HELF in G8 parity 2 to G10 (to avoid predicting ancestors based 
on performance in more recent generations). The accuracy of prediction was calculated 
as: 





where 𝑟𝐺𝐸𝐵𝑉,𝑃∗ is the correlation between the GEBV and the phenotype adjusted for fixed 
effects (P*) in the validation population and ℎ𝑉𝑎𝑙𝑖𝑑𝑎𝑡𝑖𝑜𝑛
2  is the heritability of the trait in 
the validation population. In this study, heritability estimates were estimated in ASreml 




Heritability estimates from Chapter 3 based on pedigree were similar to marker-
based heritability estimates of the HELF and LEHF diets (Table 5.2). RFI was estimated 
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to be moderately heritable with slightly higher heritability estimates for pigs fed the 
LEHF compared to the HELF diet, although not significantly higher based on SE for 
either pedigree or marker-based estimates. 
Genomic Regions 
Genomic regions found to be associated with RFI and component traits (ADFI, 
ADG, FCR, BF, and LMA) using BayesB, are reported in Table 5.3 and Figures 5.1 
(HELF), 5.2 (LEHF), and 5.3 (COMB). Results from BayesC are in Supplementary 
Figures 5.4 (HELF), 5.5 (LEHF), and 5.6 (COMB). 
The top genomic regions associated with RFI were observed on Sus scrofa 
chromosome (SSC) 1, 2, 6, 10, 14, and 16 across all data sets. Regions on SSC 2 at 3 and 
4 Mb accounted for 1.7% and 3.5% PGVW (proportion of genetic variance explained by 
a 1-Mb window) collectively for HELF and COMB data sets. The top window for both 
HELF and COMB data sets (SSC 2 at 4 Mb) had posterior probabilities of inclusion 
(PPI) greater than 0.8, which is above the recommended threshold, giving confidence in 
this region plays a role for RFI (Fernando et al., 2014). For the LEHF diet, windows on 
SSC 1, 6, 10, and 14 were observed, but each 1-Mb window accounted for less than 1% 
PGVW and had PPI less than 0.4. 
For FCR, BF and LMA, a 5 Mb region of neighboring windows was identified on 
SSC 2 at windows 0, 1, 2, 3, and 4 where at least one of these windows was identified for 
the HELF, LEHF, and COMB data sets. For FCR, the windows within this region 
collectively accounted for approximately 9, 6, and 8% PGVW for HELF, LEHF, and 
COMB data sets, respectively. For BF, this windows within this region collectively 
accounted for approximately 10.5, 23, and 11% PGVW for HELF, LEHF, and COMB 
131 
data sets, respectively. For LMA, windows within this 5 Mb region on SSC 2 accounted 
for approximately 6 and 5% for the HELF and COMB data sets. In addition, for LMA, a 
region on SSC 7 at 101 Mb accounted for 1.9% PGVW. In general, for FCR, BF and 
LMA, the top window for each trait within each data set had PPI greater than 0.8, 
providing confidence that these windows consistently accounted for genetic variation for 
each trait. 
For ADFI, only one region accounted for more than 1% PGVW, instead several 
regions had small effects for the HELF, LEHF, and COMB data sets. For the LEHF diet, 
a region on SSC 6 at 163 Mb accounted for 2.3% PGVW, which appeared to be a novel 
association for ADFI. For the HELF diet, regions on SSC 1 at 159 and 160 Mb accounted 
for the most PGVW for ADFI, along with a region near 57 Mb. For the COMB data set, 
two neighboring windows on SSC 1 at 159 and 160 Mb and on SSC 2 at 3 and 4 Mb were 
the top regions associated with ADFI. However, the PPI in the model for the identified 
windows ranged from 0.79 to 0.31, indicating less confidence in these windows truly 
being associated with ADFI. 
The same regions on SSC 1, at 159 and 160 Mb, were the top genomic regions 
associated with ADG for the HELF and COMB analyses, with the 158 Mb region also 
being highly associated with ADG for the HELF diet. Collectively, these windows 
accounted for more than 5 and 3.5% PGVW for the HELF and COMB analyses. For the 
LEHF diet, a region on SSC 4 at 115 Mb accounted for the highest PGVW, 0.61%. 
Again, the PPI was less than 0.8 ranging from 0.78 to 0.25 for the top windows, 
indicating low confidence in these associations with ADG. 
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When analyzing both diets together (COMB), SNP-by-diet interactions were 
estimated to assess the main and interaction effects at each SNP (Figure 5.3). However, 
interaction effects were very small, less than 0.7% PGVW, for all traits. 
Genomic Prediction 
Genomic prediction results are presented in Table 5.4. Training on pigs fed the 
HELF diet to predict the GEBV of pigs when fed the LEHF diet resulted in prediction 
accuracies of 0.42, 0.36, and 0.36 using BayesB, BayesC, and GBLUP for estimating 
additive SNP effects. When pigs fed the LEHF diet were used to predict the GEBV of 
pigs from G8 to G10 when fed the HELF diet, prediction accuracy was 0.45, 0.45, and 
0.48, when using BayesB, BayesC, and GBLUP, respectively, for estimating SNP effects. 
 
Discussion 
To identify genomic regions associated with RFI and component traits, statistical 
associations between phenotypes and SNP genotypes were assessed. In addition, to assess 
the accuracy of genomic prediction across diets, genomic prediction was performed, 
where training was on pigs fed one diet and validation in pigs fed the other diet. 
Genomic Regions 
Several genomic regions were identified to be associated with each phenotypic 
trait in the HELF, LEHF, and COMB analyses (Figures 5.1 to 5.3 and Table 5.3). 
Although, two Bayesian methods were implemented, only BayesB results will be 
discussed in detail because BayesB shrinks smaller effects, of which there were many, 
allowing for larger effects to be captured by the top windows. Although, the estimated 
effects of genomic regions from BayesB may be biased upwards, the primary goal was to 
identify the top genomic regions associated with RFI and components traits in this study 
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for which BayesB is the preferable method. BayesC results provided in Supplementary 
Figures 5.4 to 5.6, and, although smaller effects were captured per window, the same top 
regions were generally identified (excluding associations in unmapped regions). 
For most traits, the largest associations were near two genes, MC4R 
(melanocortin-4 receptor gene) on SCC 1 and IGF2 (insulin-like growth factor 2) on SCC 
2. Both of these regions appear to have pleiotropic effects. For ADG and ADFI, genomic 
regions near MC4R were identified, while regions near IGF2 were identified for FCR, 
BF, LMA, and RFI. Previously, a missense mutation in MC4R, which is involved in 
energy homeostasis and somatic growth, was identified and accounted for differences in 
ADG, BF, and feed intake in commercial pigs (Kim et al., 2000). The IGF2 gene, has 
been found to be paternally expressed in pigs, is involved in development and growth, 
and a mutation in this gene has been found to affect muscle mass and fat deposition in 
pigs (Jeon et al., 1999; Nezer et al., 1999). Interestingly, IGF2 has not previously been 
associated with RFI, although it has been associated with FCR and feed intake. Further 
investigation of the pleiotropic effects of MC4R and IGF2 should be conducted to better 
understand the underlying biological pathways. However, it has been shown that these 
genes are independent, as measured by linkage equilibrium, in pig populations, which 
allows for favorable alleles to be selected independently at both loci (Burgos et al., 2006). 
Another candidate gene, GAL (Galanin and GMAP Prepropeptide), near IGF2 was 
identified, which may warrant further investigation because it encodes a precursor of two 
peptides (Galanin and GMAP) that have diverse physiological functions, including 
feeding and energy homeostasis. 
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As expected, RFI was found to be highly polygenic in this population, as only 1 
window explained more than 1% PGVW and all other effects were small (Table 5.3 and 
Figures 5.1 to 5.3). Genomic regions associated with RFI when feeding the HELF versus 
LEHF diet were not necessarily the same (Supplementary Figure 5.7, panel A). 
Interactions of SNP with diet were small (Figure 5.3). The genetic correlation for RFI 
across the LEHF and HELF diets was found to be 0.87 ± 0.28 (Chapter 3), which 
suggests genotype-by-diet interaction play some role in feed efficiency. This further 
indicates that diet may have an effect on genomic regions associated with RFI, even if 
those regions have small effects individually. 
Genomic Prediction 
Genomic prediction was performed to assess the accuracy of predicting 
performance from pigs fed one diet to the other based on genomic markers. Marker 
effects were trained using three statistical methods, BayesB, BayesC and GBLUP, where 
BayesB and BayesC assumed some SNPs had zero effect on the trait, while GBLUP 
assumed all SNPs had an effect. Prediction accuracies were moderate for predicting 
performance of RFI across diets (Table 5.4). Training on LEHF fed pigs yielded higher 
accuracy of prediction than training on HELF fed pigs. This could be due to the LEHF 
diet having smaller effects (i.e. no effects greater than 1% PGVW) and, therefore, using 
information at more SNPs with small effects than the HELF diet increases prediction 
accuracy, which agrees with the characteristics of complex traits (Hayes et al., 2010). It 
could possibly be due to fewer generations being used in the analysis, which would make 
the individuals more closely related than when training on all generations fed the HELF 
diet. When training was performed using data from pigs fed the HELF diet and validation 
135 
was on pigs fed the LEHF diet, BayesB provided the highest predictive accuracy of 
performance based on genotypes. However, when training with pigs fed the LEHF and 
validating on pigs fed the HELF from the same generations GBLUP was slightly more 
accurate than BayesB and C. Although, not investigated here, it has been shown that 
genomic based methods outperform pedigree based BLUP in terms of prediction 
accuracy because they can more accurately capture the relationships between individuals 
(Wolc et al., 2011). Altogether, genomic prediction suggests moderate accuracy for 
prediction performance across diets, which should be taken into considered in breeding 
programs because selection is generally done while feeding higher-energy diets, but the 
ultimate goal is commercial performance where a wide variety of diets may be fed. 
 
Conclusions and Implications 
In this study, genomic regions associated with RFI and component traits were 
identified, with regions near MC4R and IGF2 having associations with multiple traits, 
indicative of pleiotropic effects. Using high density genotypes, the genomic region on 
SSC2 at 4 Mb, near IGF2, explained more than 1% of the genetic variance for RFI. 
However, no previously reported QTL for RFI were located in this region, indicating a 
novel association for RFI. Interactions between diet and SNPs were estimated to be 
small. Genetic correlations for RFI and component traits were high and positive, but 
genetic correlations for RFI, ADFI, and FCR were between 0.87 ± 0.28 (RFI) and 0.9 ± 
0.31 (FCR), suggesting genotype-by-diet interactions for these traits (Chapter 3). 
Genomic prediction results showed moderate accuracy when training with pigs fed one 
diet and validating in the other. Further investigation of the interactions between diet with 
genotype should be explored to better understand how this should be accounted for in 
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breeding programs. In conclusion, RFI is a highly polygenic trait with many genes with 
small effects contributing to the genetic variation. Genomic selection could be used to 
select for improved feed efficiency using all markers to prediction performance. 
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Figure 5.1 Association of genomic regions with ADFI, ADG, feed conversion ratio 
(FCR), backfat (BF), loin muscle area (LMA), and residual feed intake (RFI) using 
BayesB analyses when pigs were fed a higher-energy, lower-fiber (HELF) diet. PGVW = 
percent of genetic variance explained by a 1-Megabase (Mb) window, U = Unmapped 
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Figure 5.2 Association of genomic regions with ADFI, ADG, feed conversion ratio 
(FCR), backfat (BF), loin muscle area (LMA), and residual feed intake (RFI) using 
BayesB analyses when pigs were fed a lower-energy, higher-fiber (LEHF) diet. PGVW = 
percent of genetic variance explained by a 1-Megabase (Mb) window, U = Unmapped 
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Figure 5.3 Association of genomic regions with ADFI, ADG, feed conversion ratio 
(FCR), backfat (BF), loin muscle area (LMA), and residual feed intake (RFI) using 
BayesB analyses when pigs were fed either a higher-energy, lower-fiber (HELF) or 
lower-energy, higher fiber (LEHF) diet. The main SNP effects were given positive 
PGVW (percent of genetic variance explained by a 1-Megabase (Mb) window) values 
and SNP by diet interaction effect estimates were given negative PGVW. U = Unmapped 
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Supplementary Figure 5.4 Manhattan plots generated using BayesC analyses for ADFI, 
ADG, feed conversion ratio (FCR), backfat (BF), loin muscle area (LMA), and residual 
feed intake (RFI) when pigs were fed a higher-energy, lower-fiber (HELF) diet. PGVW = 
percent of genetic variance explained by a 1-Megabase (Mb) window, U = Unmapped 
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Supplementary Figure 5.5 Manhattan plots generated using BayesC analyses for ADFI, 
ADG, feed conversion ratio (FCR), backfat (BF), loin muscle area (LMA), and residual 
feed intake (RFI) when pigs were fed a lower-energy, higher-fiber (LEHF) diet. PGVW = 
percent of genetic variance explained by a 1-Megabase (Mb) window, U = Unmapped 
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Supplementary Figure 5.6 Manhattan plots generated using BayesC analyses for ADFI, 
ADG, feed conversion ratio (FCR), backfat (BF), loin muscle area (LMA), and residual 
feed intake (RFI) when pigs were fed either diet. The main SNP effects were given 
positive PGVW (percent of genetic variance explained by a 1-Megabase (Mb) window) 




Supplementary Figure 5.7 Comparison of the proportion of genetic variance explained 
by a 1-Megabase (Mb) window (PGVW) estimated for each window using BayesB. 
Panel A compares PGVW estimates from the higher-energy, lower-fiber (HELF) and 
lower-energy, higher-fiber (LEHF) diet analyses. Panels B and C compare the main effect 








Table 5.1 Parameters fitted as fixed effect in the Bayesian genome-wide association study  models 
Table 5.1. Parameters fitted as fixed effects in the Bayesian genome-wide association study models 
Trait1 Diet2 n Mu GP3 L4 D5 LD6 S7 PC8 Onage9 Onwt10 Offwt11 MBW12 BF13 ADG14 
ADFI HELF 1,925 X X X   X X X      
 LEHF 308 X X X   X X X      
 COMB 2,233 X X X X X X X X      
ADG HELF 1,933 X X X   X X X      
 LEHF 310 X X X   X X X      
 COMB 2,243 X X X X X X X X      
FCR HELF 1,920 X X X   X X X      
 LEHF 304 X X X   X X X      
 COMB 2,224 X X X X X X X X      
BF HELF 1,922 X X X   X X   X    
 LEHF 306 X X X   X X   X    
 COMB 2,228 X X X X X X X   X    
LMA HELF 1,926 X X X   X X   X    
 LEHF 307 X X X   X X   X    
 COMB 2,233 X X X X X X X   X    
RFI HELF 1,896 X X X   X X X X X X X X 
 LEHF 304 X X X   X X X X X X X X 
 COMB 2,200 X X X X X X X X X X X X X 
1 FCR = feed conversion ratio, BF = backfat depth, LMA = loin muscle area, RFI = residual feed intake 
2 HELF = higher-energy, lower-fiber diet, LEHF = lower-energy, higher fiber diet, COMB = pigs fed either HELF or LEHF 
3 GP = generation-parity combination (20 levels) 
4 L = RFI line (High vs. Low) 
5 D = diet (HELF or LEHF) 
6 LD = line by diet interaction (4 levels) 
7 S = sex (boar, gilt, or barrow) 





Table 5.1 continued 
9 Onage = age at on-test group (covariate) 
10 Onwt = body weight at on-test group (covariate) 
11 Offwt = body weight at off-test group (covariate) 
12 MBW = metabolic mid-test body weight (covariate) 
13 BF = 10th rib backfat depth at off-test (covariate) 






Table 5.2 Comparison of pedigree and marker-based estimates of heritabili ty  and of phenotypic and genetic standard deviations1  
Table 5.2. Comparison of pedigree and marker-based estimates of heritability and of phenotypic and genetic 
standard deviations1 
  Pedigree-based2  Marker-based3 
Trait4 Diet5 h2 (SE) σP (SE) σg (SE)  h2 (SD6) σP (SD6) σg (SD6) 
ADFI, kg/d HELF 0.43 (0.05) 0.20 (0.04) 0.13 (0.05)  0.44 (0.05)  0.22 (0.07) 0.15 (0.06) 
 LEHF 0.41 (0.14) 0.27 (0.08) 0.17 (0.11)  0.35 (0.06) 0.26 (0.11) 0.16 (0.08) 
ADG, kg/d HELF 0.39 (0.05) 0.09 (0.02) 0.05 (0.02)  0.40 (0.04) 0.08 (0.02) 0.05 (0.02) 
 LEHF 0.41 (0.13) 0.07 (0.02) 0.05 (0.03)  0.40 (0.08) 0.08 (0.03) 0.05 (0.03) 
FCR HELF 0.31 (0.05) 0.26 (0.05) 0.14 (0.06)  0.33 (0.04) 0.25 (0.07) 0.14 (0.06) 
 LEHF 0.22 (0.13) 0.51 (0.16) 0.24 (0.19)  0.28 (0.06) 0.48 (0.18) 0.25 (0.13) 
BF, mm HELF 0.63 (0.06) 3.64 (0.77) 2.88 (1.04)  0.58 (0.03) 3.56 (1.08) 2.73 (0.92) 
 LEHF 0.19 (0.18) 3.90 (1.19) 1.69 (1.68)  0.32 (0.08) 3.74 (1.58) 2.11 (1.14) 
LMA, cm2 HELF 0.51 (0.06) 4.63 (0.94) 3.30 (1.27)  0.43 (0.03) 4.38 (1.14) 2.86 (0.86) 
 LEHF 0.45 (0.21) 4.91 (1.64) 3.31 (2.42)  0.45 (0.08) 4.59 (2.04) 3.10 (1.59) 
RFI, kg/d HELF 0.24 (0.05) 0.13 (0.02) 0.06 (0.03)  0.30 (0.05) 0.13 (0.04) 0.07 (0.03) 
 LEHF 0.35 (0.17) 0.22 (0.07) 0.13 (0.10)  0.32 (0.08) 0.21 (0.09) 0.12 (0.07) 
1 h2 = narrow-sense heritability, σP = phenotypic standard deviation, σg = genetic standard deviation 
2 Pedigree-based estimates fit in ASReml (from bi- and tri-variate animal models fit in Chapter 3) 
3 Marker-based estimates based on Gensel with BayesC π = 0 
4 FCR = feed conversion ratio, BF = backfat depth, LMA = loin muscle area, RFI = residual feed intake 
5 HELF = higher-energy, lower-fiber diet, LEHF = lower-energy, higher fiber diet 
6 SD = standard deviation of posterior distribution from MCMC iterations 
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Table 5.3 Genomic regions accounting for the highest1 proportion  of genetic variance for each performance trait using BayesB models 
Table 5.3. Genomic regions accounting for the highest1 proportion of genetic variance for each 
performance trait using BayesB models 










ADFI HELF 1 159 Affx-115045709 0.43 0.56 MC4R 1 
  1 160 Affx-114829414 0.23 0.36 MC4R 2 
  1 57 Affx-115268666 0.36 0.78 --- 8 





 COMB 2 4 Affx-114989221 0.61 0.79 GAL, IGF211 3 
  2 3 Affx-115144621 0.37 0.48 GAL, IGF211 4 
  1 159 Affx-115313534 0.59 0.49 MC4R 1 
  1 160 Affx-114696014 0.26 0.31 MC4R 2 
ADG HELF 1 159 Affx-115108166 3.50 0.78 MC4R 4 
  1 160 Affx-114982952 1.12 0.45 MC4R 5 
  1 158 Affx-115047116 0.80 0.57 --- 4 
 LEHF 4 115 Affx-114674214 0.61 0.25 AMY2 18 
 COMB 1 159 Affx-114929324 2.38 0.53 MC4R 4 
  1 160 Affx-160168361 1.46 0.39 MC4R 6 
FCR HELF 2 1 ASGA0096364 7.93 0.85 IGF2 6 
  2 2 ALGA0115204 1.20 0.28 GAL, IGF2 3 
 LEHF 2 4 Affx-114664840 5.20 0.62 GAL, IGF211 2 
  2 2 ASGA0102090 0.73 0.15 GAL, IGF2 2 
  2 35 Affx-115104677 1.24 0.35 --- 0 
 COMB 2 1 ASGA0096364 6.05 0.98 IGF2 6 
  2 4 Affx-114950392 2.21 0.94 GAL, IGF211 3 
BF HELF 2 1 ASGA0096364 8.01 1.00 IGF2 62 
  2 3 Affx-114811637 2.06 0.92 GAL, IGF211 56 
  2 4 Affx-114917660 0.50 0.75 GAL, IGF211 41 
 LEHF 2 0 Affx-114993193 11.62 0.97 IGF2 47 
  2 4 Affx-114735670 11.48 0.95 GAL, IGF211 51 
 COMB 2 1 ASGA0096364 7.97 1.00 IGF2 62 
  2 4 Affx-114917660 1.54 0.95 GAL, IGF211 41 
  2 3 Affx-115000432 1.07 0.69 GAL, IGF211 56 
  2 0 Affx-115000432 0.52 0.57 IGF2 47 
LMA HELF 2 1 Affx-115037761 6.14 0.99 IGF2 13 
 LEHF 7 101 Affx-114619788 1.92 0.37 --- 7 
 COMB 2 1 Affx-115037761 4.84 0.95 IGF2 13 
RFI HELF 2 4 Affx-114605256 1.39 0.85 IGF211 2 
  2 2 ALGA0115204 0.29 0.56 IGF2 4 







Table 5.3 continued 
  10 38 Affx-114899886 0.64 0.25 MTPAP 0 
  16 28 Affx-114962281 0.56 0.28 GHR, NNT 2 




  14 79 Affx-114837475 0.50 0.13 PPIF 2 
 COMB 2 4 Affx-114605256 2.96 0.93 IGF211 2 
  2 2 ALGA0115204 0.52 0.43 IGF2 4 
1 Highest proportion was any window explaining more than 1% percent of genetic variance 
explained by a 1-Megabase window. If no window explained more than 1% then the regions 
explaining the most genetic variance were reported. Windows were also reported if they were 
located adjacent to a top window and could have been capturing the same QTL effect.  
2 FCR = feed conversion ratio, BF = backfat depth, LMA = loin muscle area, RFI = residual feed 
intake 
3 HELF = higher-energy, lower-fiber diet, LEHF = lower-energy, higher fiber diet, COMB = pigs 
fed either HELF or LEHF 
4 SSC = Sus scrofa chromosome 
5 Pos = position of 1 Mb window  
6 Lead SNP = the SNP with the largest allele substitution effect in within a 1 Mb window 
7 PGVW = percent of genetic variance explained by a 1-Megabase (Mb) window 
8 PPI = posterior probability of inclusion of the window being fitted in model 
9 Candidate Genes were identified within ±2 Mb of the lead SNP as the genes with biological 
relevance to the trait 
10 prQTL = previously reported quantitative trait loci (QTL), the number of prQTL for each trait, 
where prQTL for feed intake and FCR were included for RFI 






Table 5.4 Accuracy  of genomic predication for residual feed inta ke (RFI) when training on one diet and validating on the other  
Table 5.4. Accuracy of genomic prediction for residual feed intake (RFI) when training on one diet and validating 
on the other 
Training Data1 n Training Validation Data2 n Validation h2 Validation3 Analysis4 Accuracy 
HELF 1,896 LEHF 304 0.35 BayesB 0.42 
     BayesC 0.36 
     GBLUP 0.36 
 
LEHF 304 HELF from G8 to G10 474 0.24 BayesB 0.45 
     BayesC 0.45 
     GBLUP 0.48 
1 HELF = pigs fed higher-energy, lower-fiber diet, LEHF = pigs fed lower-energy, higher-fiber diet 
2 HELF from G8 to G10 = pigs fed HELF diet from G8 parity 2 through G10 
3 h2 estimates from pedigree-based models fit in ASReml (Table 5.2) 




CHAPTER 6.    DETECTION OF SELECTION SIGNATURES FOR 
RESIDUAL FEED INTAKE IN TWO INDEPENDENT DIVERGENT 
SELECTION EXPERIMENTS IN SWINE1,2 
Manuscript in preparation for publication in Genetics Selection Evolution 
 
Abstract 
Background: Residual feed intake (RFI), a measure of feed efficiency, is the 
difference between observed and predicted feed intake for a given amount of growth and 
maintenance. In two independent swine populations (Yorkshire at Iowa State University 
[ISU] and Large White at the French National Institute for Agricultural Research 
[INRA]), divergent selection for RFI has been carried out for 10 and 8 generations, 
respectively. Utilizing genotypes on 39,176 single nucleotide polymorphisms (SNPs) on 
3,065 and 859 pigs from the ISU and INRA populations, genetic diversity between 
populations and between RFI lines within population was assessed, and selection 
signatures were detected within each population and in a combined analysis. 
  
                                                 
1 Co-authors: B. Servin3, J. Riquet3, H. Gilbert3, and J.C.M. Dekkers4 
2 Iowa State University research was supported by a USDA-NIFA grant (No. 2011-
6800430336). INRA research was funded by the French National Research Agency 
(Agence Nationale de la Recherche ANR, ANR-08-GENM-038 PIG_FEED) and the 
Animal Genetics division of INRA. This research was partially funded by the 
Chateaubriand Fellowship of the Office for Science & Technology of the Embassy of 
France in the United States. Gratitude is expressed to past and present personnel of the 
Iowa State University Lauren Christian Swine Research Center (Madrid, IA), and INRA 
experimental farms in Rouillé, Vienne, France, and Le Magneraud, Charente-Maritime, 
France. Yann Labrune and Patrice Dehais are acknowledged for providing map locations 
for genome build v.11. 
3 GenPhySE, INRA, INP, ENVT, Université de Toulouse, Castanet-Tolosan, France, 
31326 
4 Department of Animal Science, Iowa State University, Ames, Iowa, 50011 
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Results: Based on weighted principal component analysis (wPCA) of genotypes, 
the two populations were differentiated by PC1 (20.6% of variance), the two ISU RFI 
lines and generations by PC2 (7.7%), and the two INRA RFI lines and generations by 
PC3 (5.9%). FST estimates suggested that the populations were moderately different (FST 
= 0.10), with 778 SNPs with FST ≥ 0.5 across the genome contributing to these 
differences. In addition, RFI lines within population were the most different in the last 
generation of (ISU: FST =0.165, INRA: FST =0.161). Putative selection signatures for RFI 
were identified (FDR ≤ 0.2) using hapFLK statistics for the combined populations from 
103 to 106 Megabases (Mb) on Sus scrofa chromosome (SSC) 2 and from 189 to 191 Mb 
on SSC 13. In addition, two putative selection signatures were detected in the ISU 
population on SSC 16 (33 to 39 Mb and 53 to 54 Mb). Biologically relevant candidate 
genes were identified (CAST, GABPA, HSPB3 and FGF18). 
Conclusions: The two populations that were divergently selected for RFI were 
genetically distinct prior to selection, and lines within populations differentiated 
genetically as selection progressed, likely from a combination of selection and drift. 
Putative selection signatures were identified on SSC 2 and 13 that had moderate to high 
signatures in both populations, suggesting these regions play a role in feed efficiency in 
both populations. Candidate genes gave insight into potential biological processes, such 
as increased calpastatin activity and mitochondrial efficiency, that may play a role in 
achieving improved feed efficiency, measured as RFI, in both populations. 
 
Introduction 
Efficient use of feed is important for profitable livestock production because feed 
costs account for the majority of variable input costs. In addition, feed efficiency is 
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important for sustainable livestock production in terms of efficient use of available 
resources, especially because there is increased competition for key feed ingredients for 
use in bio-fuels. Unfortunately, feed intake and feed efficiency are time consuming and 
expensive to record, which makes improving feed efficiency a challenge. Since Koch et 
al. (1963) first proposed the concept of residual feed intake (RFI), it has been adopted as 
a common measure of feed efficiency. Residual feed intake is defined as the difference 
between observed and predicted feed intake based on production and maintenance 
requirements and captures the components of feed efficiency that are independent of 
average production and maintenance requirements, with more feed efficient individuals 
eating less than predicted and having lower RFI values. 
Divergent selection experiments for increased (High RFI, i.e. less efficient) and 
decreased (Low RFI, i.e. more efficient) RFI have been undertaken since the early 
2000’s in two independent swine populations, at Iowa State University (ISU) (Cai et al., 
2008; Young and Dekkers, 2012) and the French National Institute for Agricultural 
Research (INRA) (Gilbert et al., 2007; Gilbert et al., 2017) in Yorkshire and Large White 
pig populations, respectively. Both experimental populations were created and developed 
with the goal of better understanding the biological, physiological, and genetic basis of 
feed efficiency in pigs. In both populations, RFI was found to be moderately heritable, at 
0.13 for INRA (Gilbert et al., 2017) and 0.20 for ISU (Young and Dekkers, 2012). 
Medium-density SNP genotypes (50 to 60K) were collected in both populations to better 
understand the genetic architecture of feed efficiency. Genome wide association studies, 
however, have failed to uncover many genes associated with RFI in either population and 
have instead found RFI to be a highly polygenic trait (Onteru et al., 2013; Gilbert et al., 
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2017). Thus, the objective of this study was to utilize the SNP genotypes from these two 
independent RFI selection populations to 1) assess the genomic diversity between the 
ISU and INRA populations and between RFI lines (Low vs. High RFI) within each 
population, and 2) detect signatures of selection for RFI in ISU, INRA, and the combined 
populations. 
 
Materials and Methods 
Experimental procedures for ISU were approved by the Iowa State University 
Animal Care and Use Committee (IACUC #11-1-4996S) and for INRA were in 
compliance with guidelines of the French Ministry of Agriculture for use and care of 
animals in experimentations. 
Iowa State University (ISU) RFI lines 
Using a population that was founded in 1996 by boars and gilts obtained from 
purebred Yorkshire breeders in the USA Midwest (mainly Iowa), litters were randomly 
split in 2001 into a line that was selected for increased RFI (Low RFI) for 10 generations 
(G) and a line that was maintained as a randomly mated control for the first 4 generations 
and selected for higher RFI thereafter (High RFI line). Selection candidates were 
produced from ~50 first parity litters, from which ~8 to 12 boars out of ~90 with RFI 
records and ~70 gilts were selected per line and generation. Selection decisions were 
made based upon estimated breeding values (EBVs) for RFI and, to limit inbreeding, 
full- and half-sibling matings were avoided. Boars were selected based on EBVs 
including own RFI performance, while gilts were selected based on EBVs from familial 
information. Phenotypic data was collected during the grow-finish phase from ~40 to 115 
kg body weight (BW) or greater. During the test period, individual feed intake was 
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recorded continuously with single-space electronic feeders (FIRE©, Osborne Industries 
Inc., Osborne, KS). Body weight was recorded weekly from G0 to G4 and every other 
week from G5 to G10. In addition, ultrasonic backfat depth (BF) and loin muscle area 
(LMA) measurements were recorded at the 10th rib at the end of the test period. 
Phenotypic records were utilized to calculate RFI, which was defined as the residual of a 
linear model fitted to average daily feed intake (ADFI) which can be represented as: 
1 2 3
4 5
 =  +  + -   + ( -  ) + ( -  ) + ( -  ) 
                    + ( ) + ( ) + ( -  ) +  +  + 
ADFI sex on test group on test age on test BW off test BW
ADG G BF pen on test group litter animal RFI
   
 
 
where µ = the mean and ADG = average daily gain. This model was also used to estimate 
EBVs for RFI utilizing all available data in each generation. In G8, the line difference 
was 241 g/d (Young and Dekkers, 2012). Further details provided in Cai et al. (2008) and 
Young and Dekkers (2012). 
French National Institute of Agricultural Research (INRA) RFI lines 
In 2000 at the French National Institute of Agricultural Research (INRA), 30 sires 
representing the diversity of the commercial French Large White population mated to 30 
Large White females produced 30 litters from which two divergent RFI lines were 
established. Selection for divergent RFI was continued for 9 generations, thus far. After 
the lines were establishment, selection candidates were selected from 40 first parity 
litters, with 96 boars tested per line to select 6 boars, and ~60 random gilts per line and 
generation. The selection criterion for boars was a phenotypic selection index for RFI. 
Phenotypic records were recorded on selection candidates over a fixed BW range from 35 
to 95 kg BW. During this test period, individual feed intake was recorded with electronic 
feeders (ACEMA64, Pontivy, France), accompanied by weekly BW measurements as the 
pigs approached the targeted on and off-test BW to ensure the fixed growth period was 
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met and off-test ultrasonic BF thickness (averaged from 6 measurements across the left 
and right shoulder, midback and loin). Residual feed intake phenotype was then 
computed as: ,  /   ,  /  -  (1.06  ,  / ) -  (37  ,  )RFI g d ADFI g d ADG g d BF mm   . 
In G9, the line difference was 165 g/d (Gilbert et al., 2017). Further details provided in 
Gilbert et al. (2007) and Gilbert et al. (2017). 
Genotypes 
A total of 3,087 pigs from G0 to G10 from the ISU population were genotyped, 
while 877 pigs from G0 to G8 from the INRA population were genotyped. Genotyping 
occurred over time and therefore multiple SNP chip panels were utilized for genotyping, 
including Illumina PorcineSNP60 BeadChip, v1, v2 and custom panels, and the 
GeneSeek Genomic Profiler HD. In total, 42,780 SNPs overlapped between all SNP 
panels. Quality control of SNPs and pig genotypes was performed within each population 
with removal thresholds of <90% for genotype call rate for a pig, >4% for Mendelian 
inconsistencies of a pig, and a SNP call rate < 95% across all retained pigs (nISU = 3,065; 
nINRA = 859) for SNPs. After applying these thresholds, genotypes of the ISU and INRA 
populations were combined and only SNPs that remained after quality control in both 
were retained (n = 39,800 SNPs). Finally, only autosomal SNPs were utilized (n = 39,176 
SNPs). For selection signature detection, additional quality control filters were applied to 
decrease the probability of detecting false signatures, including removal of unmapped 
SNPs (based on Sus scrofa genome build v11.1), SNPs with MAF ≤ 0.05 within a 
population, SNPs with mendelian errors occurring in more than 5% of parent-offspring 
families, and SNPs with predicted ancestral allele frequencies ≥ 0.95, which were 
calculated using the population kinship matrix and general least squares to minimize 
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variance, as described by Bonhomme et al. (2010). This additional filtering left 33,203 
SNPs within the ISU population and 31,737 SNPs within the INRA population, with 
30,676 common SNPs retained. 
Statistical Analyses 
Weighted Principal Component Analysis. The vegan R (R Core Team, 2015) 
package function wcmdscale in was used to perform a weighted principal component 
analysis (wPCA) using genotypes of autosomal SNPs. The weighted analysis gave 50% 
of the weight in the PCA to each population, which accounted for the unbalanced number 
of genotyped individuals in the ISU and INRA populations. 
FST. Single-SNP FST values were calculated using PLINK v1.9 (Purcell and 
Chang, 2017), based on differences in allele frequencies between populations or sub-
populations, using the methods of Weir and Cockerham (Weir and Cockerham, 1984). In 
addition, the average FST across SNPs, with each SNP given equal weight (i.e. weighted 
global FST estimate), was calculated 1) between the ISU and INRA populations, 2) 
between the divergent RFI lines within each population, and 3) between the divergent 
RFI lines within each population and generation. 
Linkage Disequilibrium. Linkage disequilibrium (LD) based on the correlation 
of allele counts at two SNPs (r), was calculated using PLINK v1.9 (Purcell and Chang, 
2017) for all SNP pairs located within 500 kilobases of each other based on genome build 
v11.1 (n = 282,207 pairs). To evaluate the consistency of LD, Pearson correlations of r 
were calculated in R (R Core Team, 2015) both between and within the ISU and INRA 




hapFLK. A whole genome scan for selection signatures was conducted for each 
population using the hapFLK statistic (Bonhomme et al., 2010; Fariello et al., 2013). This 
statistic, hapFLK, is a test based on population differentiation, similar to FST, but 
accounts for both LD and population structure through a kinship matrix. To model LD in 
the data, hapFLK uses the Scheet and Stephens (Scheet and Stephens, 2006) LD mixture 
model that depends on a parameter K, the number of local haplotype clusters, that needs 
to be specified. K was determined using the cross validation procedure implemented in 
the fastPHASE software (Scheet and Stephens, 2006), and set to 35 for the ISU data and 
25 for the INRA data. Within each population, each line-by-generation combination was 
treated as a sub-population (18 sub-populations for INRA and 21 for ISU because no G1 
High RFI pigs were genotyped). The hapFLK values do not follow a known asymptotic 
distribution but it can be recovered from its empirical distribution (Fariello et al., 2013; 
Boitard et al., 2016). In our case, since the hapFLK values were found to be 
approximately normally distributed in both populations (Supplementary Figure 6.7), we 
recovered the variances and means of the hapFLK distributions using robust estimates to 
account for outliers with the rlm function of the MASS R (R Core Team, 2015) package. 
In addition, the ISU and INRA hapFLK values for each SNP were summed to combine 
the results of the independent analyses (referred to as the combined analysis herein), 
where the variance and mean of the combined hapFLK distribution were obtained as 
described previously. From the resulting parametric distributions we calculated p-values 
for selection at each SNP within each population (ISU, INRA and combined) and 
estimated the false discovery rate (FDR) using the R (R Core Team, 2015) package 
qvalue. Haplotype regions with FDR less than or equal to 0.2 were defined as putative 
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selection signatures. Functional annotation in these regions was conducted by looking for 
genes with biological relevance on NCBI (https://www.ncbi.nlm.nih.gov/) using Sus 




Weighted Principal Component Analysis. Figure 6.1 shows the results of the 
wPCA analysis. Principal component (PC) 1 explained 20.6% of the genetic variation 
and differentiated the ISU and INRA populations. Figure 6.1, panel A shows PC2, which 
explained 7.7% of the genetic variation and differentiated the ISU Low and High RFI 
lines. In addition, PC2 also partially captured genetic differences between generations in 
the ISU lines. Figure 6.1, panel B shows PC3, which accounted for 5.9% of the genetic 
variation and differentiated the INRA Low and High RFI lines, along with generations 0 
to 8. 
FST. Figure 6.2, panel A, illustrates the results of FST analysis by SNP to compare 
allele frequency variation between the ISU and INRA populations, across lines and 
generations, (shown in Supplementary Figure 6.8) compared to the variation in the total 
population. Single-SNP FST results highlighted that many SNPs had similar allele 
frequencies between ISU and INRA (i.e. low FST values), while 778 SNPs were estimated 
to have FST greater than 0.5. The weighted global FST value between ISU and INRA was 
0.098. Figure 6.2, panel B, illustrates how the weighted global FST estimates changed 
between the Low and High RFI lines across generations (i.e. with on-going selection) for 
each population. Results highlight that RFI lines had increasing genetic differentiation, as 
measured by FST, as selection for divergent RFI and drift continued. As a result, by the 
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last generation of selection, the greatest differences in weighted global FST were observed 
between RFI lines for ISU (FST = 0.165) and INRA (FST =0.161). 
Linkage Disequilibrium. Correlations of LD between pairs of SNPs located 
within 500 kilobases of each other for two (sub-)populations are reported in Table 6.1 
and illustrated in Supplementary Figure 6.9. Correlations of LD were calculated between 
ISU and INRA populations in the first and last generations of selection for both RFI 
lines; correlations of LD were high between the Low and High RFI lines in G0 before 
selection had occurred (0.94 for ISU and 0.96 for INRA), because the lines were split in 
that generation, but decreased over time. Similar decreases in correlations of LD between 
the RFI lines were observed over time for the ISU and INRA populations, with 
correlation estimates in the last generation of 0.77 and 0.78, respectively. Additionally, 
correlations of LD between the G0 ISU and INRA sub-populations were 0.84 for the Low 
RFI lines and 0.82 for the High RFI lines, which were higher than the correlations of LD 
between the RFI lines within the ISU and INRA populations. 
Signatures of Selection 
Figure 6.3 illustrates the results from the hapFLK analyses and Table 6.2 reports 
regions with putative selection signatures based on FDR ≤ 0.2. No regions were 
significant at FDR ≤ 0.1. 
ISU. Figure 6.3, panel A, illustrates the results from the ISU hapFLK analysis. 
Three regions with putative selection signatures were identified. One region was located 
between 90 and 108 Megabases (Mb) on Sus scrofa chromosome (SSC) 2 and two 
regions were on SSC 16, from 33 to 39 and 53 to 54 Mb. The calpastatin gene (CAST) is 
located within the SSC 2 region and in the first SSC 16 region, the heat shock protein 
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family B (small) member 3 (HSPB3) gene was identified as a potential candidate gene. 
Fibroblast growth factor 18 (FGF18) gene is located within the second region on SSC 16. 
Figure 6.4 depicts changes in haplotype frequencies for the regions on SSC 16 from G0 
to G10 within the Low and High RFI lines. 
INRA. Figure 6.3, panel B, illustrates the results from the INRA hapFLK 
analysis. A putative signature of selection was identified on SSC 13 from 190 to 191 Mb. 
This region did not contain candidate genes of biological relevance, although this region 
does contain the cysteine and tyrosine rich 1 (CYYR1) gene and the amyloid beta 
precursor protein (APP) gene, but it is unclear how the functions of these genes relate to 
feed efficiency. However, a candidate gene called GA binding protein transcription factor 
alpha subunit (GABPA) is located just upstream from this region (at 189 Mb). 
Combined. Figure 6.3, panel C, illustrates the results from the combined (i.e. ISU 
plus INRA) hapFLK analyses. No unique regions were identified in the combined 
analysis beyond those previously identified in the independent ISU and INRA analyses. 
A part of the region identified on SSC 2 for the ISU population was also identified in the 
combined analysis, from 103 to 106 Mb, which contains the candidate gene CAST. In 
addition, a region that overlaps the region identified on SSC 13 in the INRA population 
was also identified in the combined analysis, from 189 to 191 Mb, which contains the 
GABPA gene. Figures 6.5 and 6.6 depict changes in haplotype cluster frequencies for the 
regions on SSC 2 and 13 in the ISU and INRA RFI lines across generations. 
 
Discussion 
To our knowledge, this is the first study of its kind detecting signatures of 
selection associated with RFI in pigs. The two populations used in this study are the only 
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two of their kind in the world where divergent selection for RFI has been conducted in 
swine populations. Historically, methodologies implemented in this study have been used 
to detect signatures of selection between different breeds of a particular species or 
between heritage breeds from different countries or eco-types. Instead, this study was 
interested in detecting signatures of selection that overlapped in these two populations 
indicative of genomic regions that were under selection in both populations. 
Genetic Diversity 
Several approaches were used to assess the amount of genetic diversity between 
the ISU and INRA populations, including wPCA, single-SNP and global FST, and 
consistency of LD analyses. Prior to selection, the INRA and ISU populations were 
genetically distinct (Figure 6.1), with genetic variation spread across the genome (Figure 
6.2 panel A), and the LD patterns within each population were different (Table 6.1). 
Interestingly, both the ISU and INRA populations are derived from Yorkshire England 
where the Large White breed originated. In the U.S. this breed of pig is commonly called 
“Yorkshire” while the breed is commonly referred to as “Large White” in Europe. 
Yorkshire pigs were first imported into the U.S. about 1830, with a secondary 
importation in 1947 to boost performance, while Large White pigs were first imported to 
France in the late 18th century (Porter et al., 2016). Thus, the results of this study suggest 
that although these two populations can be traced back to a common ancestor they were 
genetically distinct prior to selection. However, part of this difference can also be due to 
the small sampling size of the founder population of each experiment, 60 Large White 
animals at INRA and 86 (26 sires and 60 dams) Yorkshire at ISU. FST also showed that 
genetic differences were spread across the genome (i.e. not localized in a particular 
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region) where 778 SNPs across the genome were estimated to have FST greater than or 
equal to 0.5. The presence of high FST values between the two populations could be 
linked to signatures of selection that occurred during their divergence from a common 
ancestor, related to a number of phenotypes that have been selected for in both 
populations. A dedicated analysis should be done to better understand these results and 
should possibly involving other pig breeds. In addition, differences observed between 
RFI lines (Low vs. High RFI) within each population were greater than the differences 
observed between the ISU and INRA populations. This was observed by FST estimates 
which were greater than or equal to 0.16 between RFI lines in the last generations (Figure 
6.2 panel B) compared to 0.098 between populations and in the LD patterns, which were 
more consistent between RFI lines within a population (0.94 for ISU vs. 0.96 for INRA) 
than for the same RFI line between populations (0.84 for Low RFI vs. 0.82 for High 
RFI). As would be expected from selection experiments, the findings from wPCA, FST, 
and linkage disequilibrium analyses collectively suggest that the RFI lines within each 
population started out genetically similar in G0 but were genetically distinct by the last 
generation. The Low and High RFI lines became more different as selection progressed, 
as observed by divergence across generations in the wPCA analysis (Figure 6.1), the 
decrease in consistency of LD from G0 to the last generations from 0.85 to 0.69 (Table 
6.1), and by the increase in global FST values between RFI lines within population from 
the first to last generations (Figure 6.2 panel). These are small populations and, therefore, 
genetic differentiation across generations is the result of a combination of selection and 




identify selection signatures and explains the modest signal intensities of our selection 
scan. 
Selection Signatures 
Detection of selection signatures for RFI were completed by calculating hapFLK 
statistics within the ISU and INRA populations separately and then by combining them. 
The hapFLK method accounts for population structure and linkage disequilibrium 
between SNPs. Two putative selection signatures within the combined population were 
identified, on SSC 2 and 13. A region that overlapped the region on SSC 2 was also 
found in the ISU analysis, while little evidence of a selection signature in this region 
existed in the INRA population (FDR ≥ 0.86). The region on SSC 13 was also found in 
the INRA analysis, but, within the ISU population, little evidence was found for a 
selection signature in this region (FDR ≥ 0.68). Although, haplotype cluster frequencies 
were altered across generations in both populations in these two putative regions between 
Low and High RFI lines (Figures 6.5 and 6.6). Additionally, two putative selection 
signatures were found within the ISU population on SSC 16. These regions were not 
observed in the INRA population, which may due to a lack of power to detect selection 
signatures within the INRA population because fewer pigs were genotyped. However, 
because different regions were detected within the ISU and INRA populations, one might 
conclude that these two populations achieved divergence in RFI through different 
pathways and genes. By plotting the hapFLK values of ISU versus INRA (Supplementary 
Figure 6.10), it can be seen that two regions were selected for in both populations (SSC 2 




likely that some key pathways or genes were selected in both populations while others 
may be unique to one or the other population. 
SSC 2. Within the selection signature region on SSC 2 (from 103 to 106 Mb), the 
calpastatin gene (CAST) was identified as a candidate gene. The CAST gene inhibits the 
calpain system from degrading proteins. Interestingly, in G5 of the ISU RFI population, 
calpastatin activity was found to be greater in the longissimus muscle of the Low RFI 
barrows (~55-60 kg BW) compared to the then randomly mated High RFI line barrows 
(Smith et al., 2011). It was also observed that the lower levels of protein degradation 
(measured by intact desmin) were correlated with lower RFI values, supporting the 
observed increase in calpastatin activity (Smith et al., 2011). In G7 of the ISU selection 
experiment, calpain activity only had a tendency to be lower in the Low RFI gilts than the 
High RFI gilts, but calpastatin activity was significantly greater and the ratio of µ-calpain 
to calpastatin activity was significantly lower in the Low RFI gilts than the High RFI gilts 
(~68 kg BW) (Cruzen et al., 2013). Thus, calpastatin activity may be more directly 
related to differences in RFI than calpain activity. Identification of a putative selection 
signature near the CAST gene suggests that one method of improving feed efficiency 
may be accomplished by conserving energy by decreasing protein degradation, which is 
an energetically expensive biological process. Calpastatin activity may also play a role 
the INRA RFI lines but likely to a lesser extent because no line differences were 
observed when calpain activity was measured in liver and longissimus muscle of post-
weaning (~19 kg BW) and market weight pigs (~115 kg BW) from G6 and G7 of the 




SSC 13. Within the putative selection signature on SSC 13 (from 189 to 191 Mb), 
the GA binding protein transcription factor alpha subunit (GABPA) gene was identified 
as a candidate gene. This candidate gene is known to function as a DNA-binding subunit 
and due to sequence similarity with the nuclear respiratory factor 2 gene is thought to be 
involved in nuclear control of mitochondrial function. From previous studies within the 
ISU and INRA RFI populations, it has been shown that mitochondrial function plays a 
role in feed efficiency. In G7 and G8 of the INRA selection experiment, lower expression 
of genes related to mitochondrial energy metabolism, and lower expression of proteins 
related to mitochondrial oxidation and antioxidation, along with higher expression of 
proteins related to glycolysis were observed in the Low RFI vs. High RFI lines (Vincent 
et al., 2015). Although in G4, no significant differences in mitochondrial respiration rate 
(i.e. the maximal rate of oxygen consumption and respiratory control ratio) were 
observed between market weight gilts of the INRA RFI lines (Lefaucheur et al., 2011). In 
G8 for the INRA lines, biological pathways associated with differential expression of 
genes in the INRA RFI lines were identified, including a pathway related to 
mitochondrial protein metabolism; in this same study, 8 genes that code for 
mitochondrial ribosomes and genes involved in the respiratory electron transport chain of 
mitochondria were up-regulated in Low RFI pigs, suggesting mitochondria of Low RFI 
pigs may be more efficient (Gondret et al., 2017). In G8 of the ISU selection experiment, 
analysis of mitochondria from the liver and muscle tissue of Low and High RFI gilts (~95 
to 100 kg BW) indicated that mitochondria from Low RFI gilts produced fewer reactive 
oxygen species, which damage DNA and proteins, than High RFI gilts (Grubbs et al., 
2013a). In G7 of the ISU selection experiment, analysis of the mitochondrial protein 
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profile in the liver and longissimus dorsi muscle of gilts from the Low and High RFI (~62 
kg BW) showed that the Low RFI line had increased anti-oxidant defenses, may be less 
prone to muscular oxidative stress, and, in the liver, may have greater metabolic capacity 
compared to High RFI gilts (Grubbs et al., 2013b). Although not significant, this region 
showed association peaks in previous genome wide association studies for RFI in both 
populations (Onteru et al., 2013; Gilbert et al., 2017). Taken together, selection for 
increased feed efficiency (i.e. lower RFI) has resulted in alterations to mitochondrial 
function in both populations. Although, it is unclear if the same alterations occurred in 
both populations, it is evident, in both populations, the Low RFI line has lower less 
oxidative stress and possibly increased mitochondrial efficiency. 
SSC 16. For the putative selection signature regions that were identified only in 
the ISU population on SSC 16 (from 33 to39 Mb and 53 to54 Mb), heat shock protein 
family B (small) member (HSPB3) and fibroblast growth factor 18 (FGF18) are 
candidate genes. The HSPB3 gene produces a muscle-specific heat shock protein and 
FGF18 is a member of FGF family of genes, which are involved in cell survival activities 
and a variety of biological processes, such as cell growth and tissue repair. In G7, the ISU 
RFI lines were found to differ in abundance for two heat shock proteins in the 
mitochondria from the liver and longissimus dorsi of gilts (~62 kg BW) (Grubbs et al., 
2013b). Heat shock protein 70 (HSP70) was more abundant in mitochondria from the 
liver of Low RFI pigs, possibly resulting in inhibition of apoptosis, while HSP70 had 
lower abundance in mitochondria from the longissimus dorsi of Low RFI pigs, 
suggesting greater energy expenditures for immune response in the Low RFI line (Grubbs 
et al., 2013b). Heat shock protein 60 (HSP60) was more abundant in mitochondria from 
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the liver of Low RFI gilts, suggesting there may be less mitochondrial degradation and 
apoptosis, along with increased ability to repair damaged proteins (Grubbs et al., 2013b). 
Collectively, these results suggest that further studies into heat shock proteins should be 
conducted to better understand the biological role they play in increasing feed efficiency. 
Other Approaches. It has been shown through simulation studies that hapFLK 
statistic is more powerful for detecting selection signatures than other related tests, 
including FST and the single-SNP FLK statistic which accounts for population structure, 
but not LD (Fariello et al., 2013). Two additional methods to detect signatures of 
selection were explored, including single-SNP FLK models (Bonhomme et al., 2010) 
(Supplementary Figure 6.11) and standardization of hapFLK estimates to a standard 
Normal distribution to account of different levels of power for detection in ISU and 
INRA populations (Supplementary Figure 6.12). Single-SNP FLK results were quite 
different from hapFLK results, with no clear overlap between hapFLK and FLK results 
for the ISU, INRA, or combined populations. Signatures of selection (FDR ≤ 0.1) based 
on single-SNP FLK were spread across many chromosomes with no clear overlap 
between ISU (n = 588 signatures), INRA (n = 72 signatures), and combined (n = 149 
signatures) populations. Accounting for LD between SNPs with hapFLK allowed strong 
signatures of selection to be visualized easily and many of the most significant single-
SNPs were no longer significant. For example, the putative regions detected with 
hapFLK on SSC 13 in the INRA population and on SSC 2 in the ISU population were 
also significant in the single-SNP FLK analyses, but other single-SNPs on other 
chromosomes were more significant. In addition, standardization of hapFLK estimates 
was conducted to test our assumption that the hapFLK statistics follow a Normal 
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distribution. This standardization of hapFLK value to a standard-Normal distribution also 
addresses the issue of differences in detection power between the ISU and INRA 
populations due to more individuals being genotyped for ISU compared to INRA 
population. By standardizing estimates to a standard-Normal distribution it was not 
necessary to assume the hapFLK estimates fit a particular distribution. This approach 
decreased the power to detect significant signatures, while giving equal weight to ISU 
and INRA populations (Supplementary Figure 6.13). To no surprise, no significant 
signatures were detected with this method (Supplementary Figure 6.12). However, the 
top regions (Supplementary Figure 6.12 and 6.13) matched those identified with the 
hapFLK analysis (Figure 6.3), supporting the assumption that fitting a Normal 
distribution to the hapFLK values was a good fit. 
 
Conclusions and Implications 
The two independent populations selected for divergent RFI were originally 
genetically distinct, as well as the High and Low RFI lines within each population, 
especially in later generations. By utilizing genomic data from both populations putative 
selection signatures were identified on SSC 2 and 13 that showed moderate to high 
selection signatures in both populations. Neither of these putative regions were 
previously identified from GWAS conducted within each population suggesting that 
utilizing hapFLK estimates allowed the detection of regions related to RFI that GWAS 
may not have detected, suggesting these two approaches may be complementary. 
Candidate genes within these putative regions suggest calpastatin activity and 
mitochondrial function may be two of the biological processes involved in improving 
feed efficiency in pigs. In addition, two putative selection signatures were identified on 
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SSC16 that were unique to the ISU population, which indicates that improved feed 
efficiency could be achieved, at least partially, in different ways in these two independent 
populations of pigs. The findings from this study also demonstrated that detection of 
selection signatures in small populations with high drift and for traits controlled by many 
genes (i.e. highly polygenic) is difficult, and thus only putative regions were detected. 
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Figure 6.1 Projection of pigs from the four RFI lines in weighted principal component 




Figure 6.2 FST computation at the SNP and genome level in the RFI populations. Panel 
A: single-SNP FST results comparing ISU and INRA populations. Panel B: weighted 
global FST comparing the RFI lines (Low vs. High RFI) within each generation of the 




Figure 6.3 Manhattan plots for hapFLK analyses for the ISU (panel A), INRA (panel B), 
and combined populations (panel C). Significant signatures of selection were considered 
at false discovery rates less than or equal to 0.2 (dashed black lines). ISU = Iowa State 




Figure 6.4 Haplotype cluster frequencies spanning two putative selection signature 
regions on Sus scrofa chromosome (SSC) 16 for the ISU (Iowa State University) Low 
and High RFI lines from generations 0 to 10. Colors represent corresponding haplotypes 




Figure 6.5 Haplotype cluster frequencies spanning the putative selection signature region 
on Sus scrofa chromosome (SSC) 13 for the ISU (Iowa State University) and the French 
National Institute for Agricultural Research (INRA) Low and High RFI lines across 
generations. Colors represent corresponding haplotypes between the Low and High RFI 




Figure 6.6 Haplotype cluster frequencies spanning the putative selection signature region 
on Sus scrofa chromosome (SSC) 2 for the ISU (Iowa State University) and the French 
National Institute for Agricultural Research (INRA) Low and High RFI lines across 
generations. Colors represent corresponding haplotypes between the Low and High RFI 




Supplementary Figure 6.7 Distributions of hapFLK values for the Iowa State University 
(ISU, panel A), the French National Institute for Agricultural Research (INRA, panel B), 




Supplementary Figure 6.8 Comparison of allele frequencies for 39,800 SNPs in the ISU 
and INRA populations. ISU= Iowa State University, INRA = French National Institute 




Supplementary Figure 6.9 Linkage disequilibrium measured by correlation (r) between 
allele frequencies in sub-populations of the ISU and INRA populations in the first and 
last generations of selection. Panels A and B plot r between SNP-pairs for Low versus 
High RFI lines in generation 0 of the ISU (A) and INRA (B) populations. Panels C and D 
plot r between SNP-pairs for the Low versus High RFI lines in the last generations of 
selection of the ISU (C) and INRA (D) populations. Panels E and G plot r between SNP-
pairs for the ISU Low RFI versus INRA Low RFI in generation 0 (E) and in the last 
generations (G). Panels F and H plot r between SNP-pairs for the ISU High RFI versus 
INRA High RFI in generation 0 (F) and in the last generations (H). ISU= Iowa State 
University, INRA = French National Institute for Agricultural Research, G = generation, 




Supplementary Figure 6.10 Comparison of hapFLK values from independent Iowa 
State University (ISU) and the French National Institute for Agricultural Research 




Supplementary Figure 6.11 Manhattan plots for single-SNP FLK analyses for the ISU 
(panel A), INRA (panel B), and combined (panel C). Significant signatures of selection 
were considered at false discovery rates less than or equal to 0.2 (bold dashed line) and 





Supplementary Figure 6.12 Manhattan plots for hapFLK results standardized to 
standard normal distribution for the ISU (panel A), INRA (panel B), and combined (panel 
C). Using this methodology, no signatures of selection were at false discovery rates less 





Supplementary Figure 6.13 Comparison of -log10 p-values from hapFLK (Y-axis) and 
standardized hapFLK (X-axis) results for the ISU (panel A), INRA (panel B), and 
combined (panel C) populations. ISU = Iowa State University, INRA = French National 







Table 6.1 Consistency  of linkage disequilibrium between populations, l ines, and generations , based on correlations  of linkage d isequilibrium (r) for single nucleo tide po lymorphism (SNP) pairs within 500 ki lobases of each other 
Table 6.1. Consistency of linkage disequilibrium between populations, lines, and generations, based on 
correlations of linkage disequilibrium (r) for single nucleotide polymorphism (SNP) pairs within 500 
kilobases of each other  
Sub-Population 1  Sub-Population 2 
Correlation 
Pop*Gen*Line1 n  Pop*Gen*Line1 n 
Between Low and High RFI lines within populations 
ISU*G0*Low RFI 197  ISU*G0*High RFI 26 0.94 
ISU*G10*Low RFI 84  ISU*G10*High RFI 79 0.77 
INRA*G0*Low RFI 46  INRA*G0*High RFI 47 0.96 
INRA*G8*Low RFI 54  INRA*G8*High RFI 46 0.78 
Between Generations within Low and High RFI lines within populations 
ISU*G0*Low RFI 197  ISU*G10*Low RFI 84 0.87 
ISU*G0*High RFI 26  ISU*G10*High RFI 79 0.85 
INRA*G0*Low RFI 46  INRA*G8*Low RFI 54 0.87 
INRA*G0*High RFI 47  INRA*G8*High RFI 46 0.87 
Between ISU and INRA populations 
ISU*G0 223  INRA*G0 93 0.85 
ISU*G10*Low RFI 84  INRA*G8*Low RFI 54 0.69 
ISU*G10*High RFI 79  INRA*G8*High RFI 46 0.69 
1 Pop*Gen*Line = Population-by-Generation-RFI Line combination; ISU = Iowa State University; 







Table 6.2 Selection s ignatures detected with FCR ≤ 0. 2 based on HapFLK for ISU, IN RA, and combined analy ses 
Table 6.2. Selection signatures detected with FDR ≤ 0.2 based on HapFLK for the ISU, INRA, and 
combined analyses 
Analysis SSC1 Haplotype region (bp) n SNPs2 n Genes3 Candidate gene4 
ISU 2 90336721 - 107513120 269 90 CAST 
ISU 16 33139580 - 38611178 89 56 HSPB3 
ISU 16 52624838 - 53595632 17 12 FGF18 
INRA 13 189690039 - 191164340 23 11 --- 
Combined 2 102926877 - 106442413 65 21 CAST 
Combined 13 188637543 - 191415117 35 21 GABPA 
1 SSC = Sus scrofa chromosome 
2 n SNPs = number of single nucleotide polymorphisms contained within significant region 
3 n Genes = number of genes within significant region 
4 Gene identified from all genes within significant region on NCBI with the most biological relevance to 
residual feed intake (RFI). CAST = calpastatin; HSPB3 = heat shock protein family B (small) member 3; 
FGF18 = fibroblast growth factor 18; GABPA = GA binding protein transcription factor alpha subunit 
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CHAPTER 7.    GENERAL DISCUSSION 
Feed efficiency is a complex trait that has a direct economic impact on the swine 
industry in the U.S., world, and in all livestock production. Improved feed efficiency in 
swine and livestock production plays a role in providing efficient and sustainable 
livestock products for an ever-growing human population. In this dissertation, lines of 
pigs divergently selected for improved (i.e. Low RFI) and reduced feed efficiency (i.e. 
High RFI) were used to address the objectives, where feed efficiency was measured as 
residual feed intake (RFI = the difference between observed and expected feed intake 
based on production and maintenance requirements). The main objectives of this 
dissertation were to study the genetic components underlying feed efficiency in pigs and 
to investigate genotype-by-interactions for feed efficiency. Other objectives were to 
validate IGF-I (insulin like growth factor I) as an early biological marker for grow-finish 
RFI and to evaluate correlated responses to selection for grow-finish RFI on performance 
in nursery-aged pigs. The over-arching goal of this collaborative and multi-faceted 
selection experiment was to provide swine breeders with more knowledge and tools to 
select for improved feed efficiency in swine. 
To unravel the complex trait of feed efficiency, many studies have been 
conducted at ISU and INRA to uncover the biological, physiological, and genetic basis of 
RFI in pigs, using two independent populations of Yorkshire and Large White pigs, 
respectively, that were divergently selected for feed efficiency based on RFI. The 
chapters of this thesis furthered this knowledge by investigating genomic regions 
associated with RFI, genotype-by-diet interactions, IGF-I as an early indicator for grow-
finish RFI, and correlated responses to selection for grow-finish RFI on nursery pig 
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performance. In order to further our understanding of the genetic basis of RFI, the 
genomic regions associated with RFI were investigated in Chapter 5 with a genome wide 
association study (GWAS) for RFI and component traits and in Chapter 6 by detection of 
genomic regions under selection in two populations of pigs divergently selected for RFI 
(ISU and INRA). The understanding of the genetic basis of RFI was also furthered by 
investigating genotype-by-diet interactions in Chapters 3 and 5. In Chapter 3, the impact 
of diet on feed efficiency and performance on lines of pigs divergently selected for RFI 
was assessed, and, in Chapter 5, genomic regions associated with RFI and component 
traits for pigs fed two different diets were identified, along with interactions of genotype 
at single nucleotide polymorphisms (SNPs) with diet. To provide breeders with another 
tool to select for improved feed efficiency, the validity of IGF-I as an early genetic 
indicator for grow-finish RFI was assessed in Chapter 4. Additionally, in Chapter 4, the 
impact of 10 generations of selection for grow-finish RFI on feed efficiency and growth 
of nursery pigs was assessed in order to further our understanding of correlated responses 
to selection for grow-finish RFI. The aim of this chapter is to discuss the findings of this 
dissertation and to expand upon those findings. 
 
Selection for Residual Feed Intake during Grow-Finish affects Nursery 
Performance 
In Chapter 4, the impact of selection for RFI during the growing-finishing phase 
of production on performance of nursery (post-weaning) aged pigs was explored. 
Findings showed that selection for increased feed efficiency based on RFI in the grow-
finish phase led to significant correlated responses in performance during the nursery 
phase: 20% lower feed intake, 10% lower growth, and 12% greater feed efficiency, 
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measured as gain to feed ratio (G:F), for the Low RFI line compared to the High RFI line 
in generation 10 of the selection experiment. These findings demonstrate that selection on 
traits recorded later in life can also have an impact on early in life growth and, of 
particular interest here, on feed efficiency. Correlated responses in nursery growth should 
be taken into account as breeding companies strive to improve feed efficiency in their 
genetic lines. For instance, selection for increased feed efficiency may result in different 
nutritional requirements during the nursery period because of changes in feed intake. This 
was previously investigated in the grow-finish phase by Saintilan et al. (2015) for pigs 
categorized into low, medium, and high feed efficiency, based on feed conversion ratio 
(FCR) and RFI, which showed that pigs with high feed efficiency required 13% more 
digestible lysine in the diet than pigs with low feed efficiency. Therefore, in nursery-aged 
pigs, there may also be different amino acid requirements for more feed efficient pigs, 
especially because we found that they eat less than inefficient pigs. In addition, in our 
study, pigs from the Low RFI line grew slower than pigs from the High RFI line during 
the nursery phase, which may require adjustments in management so pigs aren’t moved 
to the finishing facilities at too light of a body weight. However, feed efficiency, 
measured as G:F, was also improved in the nursery, which indicates that the advantage of 
reduced feed intake was greater than the disadvantage of the slower growth. With 
alterations in management, it would likely be possible to capitalize on reduced feed costs 
while minimizing reductions in growth rate, but these alterations would need to be 
population or genetic line specific. These are considerations that this work highlights as 
areas of concern for breeders as they continue to select for improved feed efficiency. 
However, breeding companies perform multi-trait selection, so it may take much longer 
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to observe correlated responses to selection for grow-finish feed efficiency on nursery 
performance. In addition, breeding companies may also select for nursery growth as part 
of the selection index, which would slow any reduction in nursery growth due to 
correlated responses for grow-finish feed efficiency. 
 
Insulin-like Growth Factor I is an Early Indicator for Grow-Finish Residual Feed 
Intake 
Previous work in unrelated populations and in the early generations of the ISU 
RFI lines demonstrated that juvenile (~35 d of age) IGF-I concentrations in blood could 
be a good indicator trait for grow-finish feed efficiency (Bunter et al., 2005; Bunter et al., 
2010). In Chapter 4, after 5 additional generations of selection, this was re-evaluated and 
validated in the ISU RFI lines. For a trait to be a good indicator trait, it must first be 
heritable or else no genetic improvement can be achieved. In Chapter 4, we reported that 
IGF-I is moderately heritable (0.26 ± 0.06 for IGF-IG2-G5 and 0.42 ± 0.19 for IGF-IG10-
G11). The second criterion an indicator trait must meet is that it is genetically correlated 
with the trait of interest. The genetic correlation of grow-finish RFI with juvenile IGF-
IG2-G5 was 0.54 ± 0.19 and 0.51 ± 0.48 with IGF-IG10-G11, confirming that lower 
concentrations are correlated with lower RFI (i.e. increased feed efficiency). Since not all 
breeding programs use RFI as the measure of feed efficiency, it is important to also 
consider the genetic correlations of IGF-I with other measures of feed efficiency. In 
Chapter 4, even stronger genetic correlations were reported for G:F (higher G:F values 
indicate higher feed efficiency), where the estimate of the genetic correlation of G:F with 
IGF-IG2-G5 was -0.59 ± 0.21 and -0.65 ± 0.43 for IGF-IG10-G11. In addition, three simple 
selection scenarios were modeled to evaluate the benefits of incorporating IGF-I records 
191 
 
into a breeding program that is focused solely on improving RFI. Findings demonstrated 
that by collecting only IGF-I records to indirectly select for RFI, 69% of the potential 
response to selection from direct selection on RFI could be achieved. Although, 31% of 
the potential response to selection is not captured with this approach, it does provide a 
relatively cheap and easy (in terms of time and labor) strategy for improving feed 
efficiency in pigs. In another scenario, where IGF-I records were used to pre-select which 
males would have RFI recorded during the grow-finish phase, a 10% advantage in 
response to selection for RFI was observed over direct selection for RFI. However, this 
approach would add cost to a breeding program because both IGF-I and RFI recording 
would be required, but for a 10% boost in genetic gain, the cost may be justified. Bunter 
(2001) explored inclusion of IGF-I in a selection index, where the baseline index 
included average daily gain (ADG) and backfat (BF). Addition of IGF-I to this selection 
index increased response to selection by 7%, and inclusion of FCR (another measure of 
feed efficiency) increased the response to selection by 8% when FCR was assumed to be 
measured only on selection candidates, indicating IGF-I captured most of the benefit of 
including FCR in the index without needing to record feed intake. However, the relative 
benefit of including IGF-I in the selection index compared to FCR depends on which 
individuals have feed intake records and how closely these animals are related to 
selection candidates; the more closely related they are, the better the index that includes 





Genetic Architecture of Residual Feed Intake 
In Chapter 5, genomic regions associated with RFI and component traits were 
identified. Two genomic regions on SSC 1, from 158 to 160 Mb, near MC4R, and on 
SSC 2, at 0 to 4 Mb, near IGF2 were associated with more than one trait, indicating 
pleiotropic effects. This study is the first to report an association for RFI near IGF2, 
although previous studies have found associations near IGF2 for average daily feed 
intake (ADFI) and FCR. Associations near MC4R have been previously reported for 
ADFI and ADG, as observed in this study. MC4R has previously been identified to have 
a causative missense mutation (G  A base pair substitution leading to an amino acid 
change from aspartate to asparagine) that accounts for variation in backfat, growth, and 
feed intake in pigs (Kim et al., 2000). Interestingly, in G5 of the ISU RFI lines, the effect 
of MC4R genotype on feed intake, growth and BF was investigated using 100 barrows 
(Boddicker, 2010). No significant differences were observed between RFI lines for the 
majority of analyses (Boddicker, 2010), although this may have been due to a relatively 
low number of genotyped pigs. Based on the results presented in Chapter 5, further 
testing of the effect of the MC4R genotype on RFI and component traits should be 
completed. 
In addition, IGF2, an imprinted gene with paternal expression (i.e. the maternal 
allele is not expressed), has been shown to affect lean meat content in pigs (Jeon et al., 
1999). A causal mutation in the IGF2 gene was identified that increases the expression of 
this gene threefold in post-natal muscle (Van Laere et al., 2003). In addition, IGF2 has 
been associated with feed intake in pigs (Houston et al., 2005), suggesting that this causal 
mutation in IGF2 may have pleiotropic effects on lean growth and feed intake. Even 
though both affect feed intake and growth, MC4R and IGF2 have been shown to be 
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inherited independently in pigs, across multiple breeds (wild boar, Iberian, Large White, 
Piétrain, and Duroc) (Burgos et al., 2006). Further exploration of these regions should be 
undertaken. For instance, it would be interesting to genotype pigs from the ISU RFI lines 
for both the IGF2 and MC4R mutations to validate whether these genes have an effect on 
multiple traits, and to also test for an interaction between MC4R and IGF2 for RFI and 
component traits, although an interaction is not expected based on previous findings 
(Burgos et al., 2006). 
Beyond the MC4R and IGF2 regions, the rest of the genome explained small 
proportions of the genetic variance associated with RFI and component traits. Many 
genomic regions accounting for a small proportion of the genetic variation in RFI has 
been reported in other swine populations (Jiao et al., 2013; Onteru et al., 2013; D. Do et 
al., 2014). RFI in pigs has been found to be polygenic, with many loci contributing small 
effects, which agrees with what has been reported in dairy cattle (Hardie et al., 2017), 
poultry (Wolc et al., 2013), and beef cattle (Saatchi et al., 2014). However, these small 
effects add up to a substantial genetic component for feed efficiency in livestock species. 
In Chapter 6, signatures of selection were identified in two independent 
populations of pigs that were divergently selection for RFI (ISU and INRA). The aim of 
this study was to identify genomic regions that were under selection in both populations, 
suggesting that these regions contain genes important for feed efficiency. Two putative 
regions were identified on SSC 2 near CAST (calpastatin), which inhibits protein 
degradation, and on SSC 13 near GABPA (GA binding protein transcription factor alpha 
subunit), which is a DNA binding subunit and is thought to be involved in nuclear control 
of mitochondrial function. Based on previous studies conducted in both the ISU and 
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INRA populations, there is evidence to support both protein turnover rate and 
mitochondrial function as biological processes that underlie variation in RFI. 
Interestingly, beyond these two regions (SSC2 and SSC13) few signatures of selection 
were detected in either population. This may be because detecting signatures of selection 
for highly polygenic traits in populations with high levels of drift is difficult, but it also 
suggests that variation in RFI in these two populations was likely achieved with the use 
of different underlying biological processes and pathways. Consequently, one feed 
efficient pig may not be equivalent to another, as the same level of feed efficiency could 
be achieved with various biological processes and pathways. This just re-iterates the 
biological and genetic complexity of RFI and feed efficiency. 
Interestingly, the genomic regions identified by GWAS and by selection 
signature, hapFLK, methodologies were not the same. Each detected an association with 
RFI on SSC 2, but GWAS detected an association between 0 to 4 Mb, while hapFLK 
detected a signature of selection between 103 to 106 Mb. Associations for RFI on SSC1 
from GWAS and on SSC 13 from hapFLK were unique to each methodology. Although 
both methodologies can be used to find associations with a trait, the regions detected 
were different. This is not necessarily surprising because hapFLK identifies regions with 
extreme allele frequency changes beyond that expected from drift, while GWAS 
identifies genomic regions with statistical associations between phenotypes and 
genotypes. In this way, these two methodologies can be used in a complementary fashion 
to identify different genomic regions that are associated with a trait of interest. The use of 
multiple methodologies may be very important to uncover the biological and genetic 




In Chapter 3, we observed that the RFI lines performed differently from each 
other depending on which diet was fed (higher-energy, lower-fiber vs. lower-energy, 
higher-fiber). In this chapter, we investigated genotype-by-diet interactions in the form of 
RFI line-by-diet interactions. Differences in performance between the High and Low RFI 
lines were larger when feeding the higher nutritional value diet (HELF) compared to the 
lower quality (LEHF) diet, but line differences were still detected when feeding the 
LEHF diet, although they were smaller. Significant line-by-diet interactions (P ≤ 0.02) 
were observed for energy intake and G:F, where line differences were -12% and 8% for 
the Low minus High RFI line when fed the HELF diet, but -10% and 2% when fed the 
LEHF diet. Since we allowed partial regression coefficients to differ for each diet in our 
RFI calculations, we were not able to measure a line-by-diet interaction directly for RFI 
but the line differences were -7% and -6% for the HELF and LEHF diets, respectively. 
We also estimated genetic correlations for performance traits between diets and found 
that RFI and FCR were 0.87 ± 0.28 and 0.90 ± 0.31 genetically correlated when feeding 
the HELF versus LEHF diet, indicating that the genetic basis of feed efficiency for the 
two diets may be different. Additionally, in Chapter 3, direct response in RFI to selection 
on RFI when feeding the HELF diet was substantially higher than the observed correlated 
response for RFI when feeding the LEHF diet (3.86 vs. 1.50 genetic SD for the HELF vs. 
LEHF diet). However, the observed correlated response to selection for RFI when 
feeding the LEHF diet was 55% less than expected based on the genetic correlation for 
RFI between these two diets. This difference between the expected and observed 
correlated responses to selection could be due to error in the genetic correlation estimate 
or random variation between the correlated and direct responses to selection. However, to 
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fully understand the response to selection for the LEHF diet, selection while feeding this 
diet would need to be carried out so response could be measured directly. Line 
differences based on phenotypic and genetic models of performance traits between these 
two diets were also compared and were similar. 
Altogether, Chapter 3 findings showed three lines of evidence of genotype-by-diet 
interactions for feed efficiency traits. First, the genetic correlation for RFI between the 
HELF and LEHF diets was less than 1. Second, the correlated response to selection for 
RFI when feeding the LEHF diet was less than predicted, and, third, the line difference 
for RFI under the LEHF was half of the line difference for the HELF diet. Although, 
given the extreme variation in energy and fiber contents of the diets used this study, the 
differences in feed efficiency when feeding higher-fiber diets in the U.S. swine industry 
would likely be smaller than observed here. However, genotype by diet interactions have 
direct implications for breeding programs selecting pigs on high quality (i.e. HELF) diets, 
with the goal of maximizing performance in commercial pigs, which could be fed higher 
or lower quality diets because the best genotype when feeding a high-quality diet may not 
be the best genotype when feeding a lower-quality diet. One solution is for pigs to be 
selected while feeding the diet that will be fed during commercial production, but this 
would be difficult to do because diets can be changed quickly and often, while breeding 
programs cannot. Another possible solution, would be to collect performance data on 
commercial pigs with pedigree information linked back to the nucleus farm for traits with 
genotype-by-diet interactions, which would allow selection of sires with progeny that 
perform the best in commercial settings. Another possible solution, could be to test 
siblings of selection candidates on different diets within the nucleus system. 
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In Chapter 5, to further investigate the genotype-by-diet interactions found in 
Chapter 3, SNP-by-diet interactions were assessed. In general, SNP-by-diet interactions 
accounted for a very small proportion (less than 0.7%) of the genetic variance in a 1-Mb 
window for RFI and component traits. Although, the proportion of genetic variance 
accounted for by the interactions per each 1-Mb window were small, collectively SNP-
by-diet interactions could account for a moderate proportion of the genetic variation 
beyond that of the main effect of the SNP for RFI. This needs to be investigated further to 
better understand the collective proportion of the genetic variation explained by 
genotype-by-diet interactions. We propose comparing estimate of marker-based 
heritabilities from a model that includes the main effects and interaction effects of SNPs 
to a model that includes only the main SNP effects. The difference in heritability 
estimates from these two models would estimate the proportions of genetic variance 
accounted for by the interaction effects across the whole genome instead of individual 
windows. 
Evaluation of the top regions associated with each trait when pigs were fed the 
HELF or the LEHF diet shows that the top regions associated with ADFI and RFI were 
different for the two diets. This is in line were the genetic correlations estimated in 
Chapter 3, which were 0.89 ± 0.17 and 0.87 ± 0.28 for ADFI and RFI, respectively. For 
FCR, one top genomic region was the same for the HELF and LEHF diets, while another 
region was not, suggesting that the genotype-by-diet interaction existed in one region, but 
was not detected in the other. This agrees well with the genetic correlation estimated in 
Chapter 3 for FCR (0.90 ± 0.31), which was slightly higher (although not significantly) 
than the genetic correlations for ADFI and RFI between diets. 
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One limitation of work conducted in Chapters 3 and 5 is the low numbers of pigs 
fed the LEHF (n = 317) compared to the HELF diet (n = 2,310). Due to these limitations, 
the genomic regions with different SNP effects for the two diets were more difficult to 
identify. Nevertheless, taken together, Chapters 3 and 5 provide evidence of genotype-by-
diet interactions for feed efficiency traits by significant line-by-diet interactions, genetic 
correlations less than unity (i.e. less than 1), lower correlated response to selection than 
direct response to selection, and different genomic regions associated with feed efficiency 
traits for the HELF and LEHF diets. 
In a recent study by Heugten et al. (2017), selection based on lean growth when 
feeding either a high-fiber (similar to LEHF diet) or low-fiber (similar to commercial 
diets and the HELF diet) was carried out for three generations. Then, these two lines were 
fed either the low or high fiber diet and performance was measured during the grow-
finish phase (Heugten et al., 2017). However, no genetic line-by-diet interactions were 
observed for ADG, ADFI, and G:F after three generations of selection (Heugten et al., 
2017). Based on results from Chapter 3 of this thesis, the genetic correlation for LMA (a 
trait similar to lean meat content) was 0.99 ± 0.23, indicating that lean growth is the same 
genetic trait regardless of the diet fed, which means the lack of genotype-by-diet 
interaction is likely because selection was for lean meat content (i.e. a trait with no 
genotype-by-diet interaction). Therefore, the selection objective may play a key role in 
determining whether or not genotype-by-diet interactions are of concern. In the end, 




Genetic Improvement of Feed Efficiency in Pigs 
The overall objective of the ISU RFI selection experiment was to provide swine 
breeders with a better understanding of RFI and feed efficiency, along with tools to help 
them select for improved feed efficiency in commercial populations. The ISU selection 
experiment and the parallel experiment at INRA in France were both conducted using 
single-trait selection for divergent RFI. However, this is not what is done in swine 
industry breeding programs. In the swine industry, swine genetic providers conduct 
multi-trait selection to improve many traits simultaneously, such as growth, backfat 
thickness, lean growth, feed intake, and other traits (intramuscular fat, reproductive 
performance, longevity, disease resistance, etc.). It has long been known that inclusion of 
feed intake, growth, and backfat in a selection index is equivalent to including RFI in a 
selection index, along with growth and backfat (Kennedy et al., 1993). Therefore, as long 
as those three production traits are included in the index based on their corresponding 
economic values, selection for improved feed efficiency is implemented, which is likely 
the case for most breeding companies. 
There are cost and time limitations to recording individual feed intake on grow-
finish pigs because specialized single-space electronic feeders are necessary. These 
feeders are expensive and on farm labor for up-keep, along with additional data 
management strategies. For some companies, the investment in specialized feeders has 
deterred the recording of feed intake on individual animals, and for other breeding 
companies the expense of recording feed intake on all selection candidates is too high and 
only a sub-set of selection candidates have feed intake records. Thus, there is motivation 




Tools that incorporate genotypic information can be implemented to increase 
genetic gain in feed efficiency and other traits of interest. Currently, many companies are 
investing in medium-density SNP genotyping in their nucleus populations because the 
cost of genotyping has reduced drastically since its initial introduction. Since many 
companies are already investing in this technology, it stands to reason that for a breeding 
company interested in improving feed efficiency, genomic selection (where markers 
spread across the genome are used to predict the genetic merit of young or non-
phenotyped selection candidates) may be the best option to achieve this goal. Genomic 
selection is preferable for improving feed efficiency over marker assisted selection 
because RFI was found to be highly polygenic and, therefore, many SNP genotypes are 
needed to achieve accurate predictions, although marker assisted selection would be 
cheaper, since only a limited number of genetic markers would need to be genotyped. In 
addition, genomic selection can increase the accuracy of selection, decrease the 
generation interval, and reduce the need for phenotypic records on selection candidates 
compared to phenotype-based selection (Meuwissen et al., 2001). Genomic selection has 
been proven to work well in the dairy industry, where the rate of genetic gain has doubled 
(García-Ruiz et al., 2016). Although, implementation of genomic selection has been 
slower in the swine industry due to lower returns on investment than in the dairy industry, 
simulations of pig populations have shown that genomic selection can increase genetic 
gain while reducing inbreeding (Lillehammer et al., 2011). Genomic selection provides a 
solution for selecting for highly polygenic traits, such as feed efficiency, by utilizing 
information across the entire genome. The reduced labor, feeder maintenance, and time 
costs associated with recording feed intake data could be reduced with the use of genomic 
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selection. However, an adequate reference population size with feed intake and growth 
records must be established and updated on regular basis. In addition, both genomic 
selection and IGF-I records could be incorporated into breeding plans as a pre-selection 
tool to choose which individuals to record costly feed intake data on, as described in 
Chapter 3. Recording IGF-I could also be used as an alternative way of selecting for 
increased feed efficiency for situations where recording feed intake data is impractical or 
impossible.  
In addition, the research conducted in this thesis raises a question about what type 
of diet should be fed during selection in nucleus herds to maximize feed efficiency in 
commercial production settings because of the evidence for genotype-by-interactions 
(Chapters 3 and 5). Additional research is, however, needed to verify these findings, by 
increasing the number of phenotyped and genotyped pigs fed a LEHF diet so the 
genotype-by-diet interactions for RFI and component traits estimated more accurately. 
Based on the results presented here, it is advisable for swine breeders to feed diets 
representative of those fed in commercial production so producers can capitalize on 
genetic progress made for feed efficiency without the concern of genotype-by-diet 
interactions having a negative impact. However, identifying a diet that represents the 
majority of diets fed by commercial producers is nearly impossible. Therefore, 
maximizing genetic gain in the nucleus while feeding an industry average diet (similar to 
the HELF diet) would be one way for breeders to make genetic progress while 





By using data collected from experiment lines of pigs divergently selected for 
RFI, a large body of literature that advances our knowledge of the biological, 
physiological, and genetic basis of RFI in pigs has been generated (Chapter 2). Feed 
efficiency has a genetic component that can be successfully selected upon, and single-
trait selection for improved feed efficiency based on RFI has resulted in pigs that eat less, 
grow slightly slower, have less backfat, and tend to be leaner. This thesis extended this 
knowledge by exploring line-by-diet interactions for growth and performance (Chapter 
3). Results showed that differences in performance traits between the more and less feed 
efficient pigs were reduced when lower quality diets were fed but the Low RFI pigs were 
still more feed efficient based on RFI than the High RFI pigs when a lower-quality diet 
was fed. Selection for improved feed efficiency based on RFI in grow-finish pigs also 
resulted in improved feed efficiency in nursery-aged pigs (Chapter 4). Research in this 
thesis also validated that IGF-I can be used as early blood indicator for selection for 
grow-finish feed efficiency (Chapter 4). 
There is still much to learn about the complex trait of feed efficiency, particularly 
in relation to the underlying genes, which are vast in number and contribute small effects 
to improve feed efficiency, as shown in Chapter 5. In Chapter 5, MC4R and IGF2 were 
identified as candidate genes with pleiotropic effects on RFI and other economically 
important traits. In addition, candidate genes CAST and GABPA were identified as 
genomic regions that responded to selection for RFI in both the ISU and INRA 
populations (Chapter 6). The results of Chapter 6 also indicated that the underlying 
biological processes used to achieve differences in RFI were different for the ISU and 
INRA populations. Two complementary approaches (genome wide association study and 
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detection of selection signatures) were used to identify different candidate genes. 
Additionally, the genes that affect feed efficiency were found to depend on the diet fed, 
making a complex trait even more complex. Genotype-by-diet interactions would be a 
very interesting area to explore further because of the direct application to the swine 
industry. Finally, genomic selection appears to be a promising tool to improve feed 
efficiency in the swine industry. 
 
Implications 
Based on previous research conducted within the ISU RFI lines, limited negative 
impacts of selection for RFI have been observed, which removes many of the concerns, 
such as potential negative impacts on reproductive performance, growth, or disease 
resistance, that breeders may have for selecting for RFI. Selection for improved feed 
efficiency is being performed by swine breeding companies. The primary interest of 
breeding companies in the U.S. is for efficient lean growth, which is achieved by 
including feed intake, backfat and growth rate in a selection index. This selection strategy 
allows breeders to improve growth, which is the most important economic trait, while 
maintaining feed intake or driving feed intake down. The findings of this dissertation 
provide alternative and/or supplemental methods for improving feed efficiency. 
Based on the results presented in this dissertation, swine breeders can utilize 
juvenile IGF-I concentrations from blood as an early indicator of genetic merit for feed 
efficiency later in life and as a pre-selection tool to identify individuals for extensive 
phenotyping. Breeders could also use IGF-I as a genetic indicator of feed efficiency in 
situations where it is not possible or practical to measure feed intake, such as at the 
commercial level or to measure on all selection candidates in the nucleus. For example, 
204 
 
collecting feed intake on all selection candidates may be not financial feasible for all 
breeding and companies, and IGF-I could be used as a pre-selection tool to determine 
which selection candidates will have feed intake records.  Another way to use IGF-I as an 
indicator trait could be to measure juvenile IGF-I on a sub-sample of pigs from sire 
families in pedigreed commercial pigs, this could be utilized to provide information on 
the genetic merit of sires for the feed efficiency of their commercial progeny. Thus, 
resulting in more informed selection decisions in the nucleus based on commercial level 
feed efficiency, which is not an easily measured trait, but is the ultimate objective of 
selection for improved feed efficiency in at the nucleus level. However, more research 
needs to be conducted to determine if juvenile IGF-I in commercial pigs is a different 
genetic trait than in nucleus animals, and to determine if juvenile IGF-I in commercial 
pigs has a stronger genetic correlation with feed efficiency in commercial pigs than IGF-I 
measured in nucleus animals. 
In addition, correlated responses to selection for grow-finish RFI were seen in 
feed efficiency in nursery pigs, which may alter nutritional and management 
requirements for nursery-aged pigs if continuous selection for improved feed efficiency is 
carried out. It is important to understand how selection of one economically important 
trait affects other economically important traits. From the ISU RFI selection experiment, 
breeders can expect that by selecting for improved feed efficiency based on RFI they will 
see a reduction in feed intake, growth and backfat depth in grow-finish pigs, unless 
otherwise accounted for in the selection objective. These correlated responses to selection 
for grow-finish feed efficiency were also observed in nursery-aged pigs, where it would 
be expected that feed intake and growth would be reduced as breeders continue to select 
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for more feed efficient pigs in the grow-finish phase. This may have a negative impact on 
producers that sell nursery pigs to finishing operations because more feed efficient pigs 
will smaller, lighter pigs and thus when paid on weight basis will reduce profits for these 
types of producers. However, continuous selection on grow-finish performance traits 
likely also result in correlated responses to selection in nursery-aged pigs for other 
economically important traits, since single-trait selection is not performed in the industry. 
Although, it is difficult to assess which traits result in which correlated responses but, 
regardless, the swine industry should consider that selection on grow-finish traits may 
alter nursery performance. Thus, the swine industry should re-evaluate nutritional and 
management practices on a regular basis in the nursery as selection continues. 
The genetic architecture of RFI was found to be highly polygenic, indicating that 
genomic selection may be the best strategy for improving feed efficiency because is 
incorporates genotype information across the entire genome. By using genomic selection 
to select for improved feed efficiency, markers across the genome will be observed, some 
of which will be in close proximity to the many genes that contribute to improved feed 
efficiency, resulting in more informed breeding values for feed efficiency. Genomic 
selection is currently being used and implemented by many livestock breeding 
companies, which makes it a very practical approach to improve feed efficiency in swine 
populations. In addition, implementation of genomic selection would not only be 
beneficial for feed efficiency but for all traits included in the selection objective by 
improving the accuracy of individual trait estimated breeding values and the overall 
index. Other selection approaches, such as marker assisted selection are not practical for 
polygenic traits such as RFI because there are no genes that explain a large proportion of 
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the genetic variation, thus the use of a small number of selected markers would make 
very small improvements in the trait. The use of SNP genotyping panels for genomic 
selection is a very logical approach for capturing the cumulative effect of many genes 
involved in improving feed efficiency. This is the case for any highly polygenic trait, 
where genes that explain a large proportion of the genetic variance do not exist, which is 
why genomic selection would be beneficial not only for RFI, but also for other 
economically important traits. 
Finally, genotype-by-diet interactions were found for feed efficiency traits, 
including RFI, in this dissertation, which directly impacts every swine breeding program 
in the world if selection for improved feed efficiency is not carried out while feeding a 
diet similar to the diet that will be fed in commercial production. With this knowledge, 
swine breeders should carefully consider the diet fed in nucleus farms. If this diet does 
not reflect the diets that the majority of commercial producers are feeding, then the 
genetic improvement made at the nucleus level may not be realized on commercial farms. 
This could result in a genetic line not performing to its expected potential at the 
commercial level, and ultimately the loss of customers. Ideally, breeding companies 
would select the nucleus population in a way that maximizes performance and feed 
efficiency at the commercial level. This could also be achieved by establishing a link 
between the nucleus and commercial progeny, providing information back to the nucleus 
on commercial level performance. This has many practical limitations such as the time 
lag between the nucleus animals and their commercial progeny and the time and labor 
costs to collect phenotypic information in large herds at the commercial level. Siblings of 
selection candidates could also be tested in commercial settings to provide additional 
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information of commercial performance of selection candidates, which would reduce the 
lag in information between nucleus and commercial performance, However, this would 
also require the ability for a sire to provide semen doses to both nucleus and commercial 
herds, which would minimize the use of the sire in the nucleus herd. 
All in all, genomic selection provides a methodology for breeders to improve the 
accuracy of estimated breeding values for all traits in the breeding objective and also 
select for improved feed efficiency, even when some individuals do not have feed intake 
data records. Genomic selection capitalizes on the highly polygenic nature of feed 
efficiency by using information from many genes across the genome to more accurately 
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